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ABSTRACT

Under ironrlimiting conditions, several Gramegative pathogens secrete hemophore (HasA)
protein that binds heme and deliver it to the outer membrane receptors in bacteria. Hemophore
proteins have been structurally and biochemically characterized inhthefree (apo) and
hemebound (holo) forms inSerratia marcescengHasAs) andPseudomonas aeruginosa
(HasAp). Hemophoreshave unique structural features which are distinguished from other
known proteins. The structure of HasAp (and HasAs), are compo$ed ame IfiUc a | wal | €
one side herd avaidfi 06 on another . He mes ths boun
Y75 loop harboring the conserved Tyr75 ligand and the H32 loop harboring the His32 ligand.

The major difference between the apand hdo-HasAp is the large conformational
rearrangements of the H32 loop upon heme binding which relocates His32 side chain ~ 30 A
from open to closed form. It has been established through kinetics experiments that heme first
loads onto the Y75 loop where g coordinated by Tyr75, followed by the closure of the H32

loop and coordination of hemmon ion by His32.

Multiple sequence alignment of known hemophore sequences from -riagative
bacteria reveals the conservation of Tyr75 but not the Hig8®%ad n Yersiniaspecies GIn32 is
present at a similar position. To investigate the role played by the GIn32 in heme coordination,
we structurally characterized hemophore fryersinia pestifHasAy) in ape and holeform.
Surprisingly, the Q32 loop iapcHasA;, is already in closed conformation and the heme is only
coordinated by one protein provided ligand, Tyr75 from the Y75 loop. Further, heme loading is

fast compared tde HasAp and occurs with minimstkuctural changes.



Analyzing the availake structural information from hemophores (HasAp, Hgs#nd
HasAs), we looked for the interactions that stabilized the open H32 loop conformation in apo
HasAp. Our analysis revealed the presence of Arginine at positi¢gAr§33) anchoring the
H32 loop b the body of the protein. In order to investigate the role played by the Arg33, we
replaced itwith Alanine (Ala) and carried out mutagenesis investigations. Results fraay X
crystallography, solution NMR and molecular dynamicsusations clearly ingtate that single
replacement of Arg33 to Ala shifts the open H32 loop conformation to a closed conformation

which is very similar to the H32 loop in the wt hdf@asAp.

The structure of Y75 loop is conserved with Tyr75 and its hydrogen bond partn8r His8
(His81 in HasAy). To investigate the proposed requirement for the TyriA%83 unit for heme
coordination by Tyr75, we conducted structural and biochemical study of Y75A and His83A
HasAp mutants. The high resolution crystal structure of Y75A and H88fans show the
original U+b protein fold similar to the wt
His83 do not coordinate the hesinen ion instead, a formate ion occupies the same position as
that of the side chain of Tyr75, coordinating leeimon ion by one of its oxygen atemin H83A
mutants, Tyr75 and His32 coordinate the herom ion even at the pH 5.4Despite the severe
changes made in the Y75 loop residues, kinetic analysis sugbasttheheme loads with
biphasickinetics simila to the wt HasAp. Taken togethéeme loading onto to the Y75 loop is

mainly driven byhydrophobicp - ipteractions onto the Y75 loop.
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Preface

With the growing resistancef the opportunistic pathogens #wvailable antibacterial
medicines, there has beanaccelerate@ffort in the scientific community tee-designstrategies
to developnovel therapeutigsvhich could beefficaciousandat the same timprovide longterm
resistancefrom bacterial infections Some opportunistigpathogens,such asPseudomonas
aeruginosa Yersinia pestis Escherichia coli, Mycobacterium tuberculosis Haemophilus
influenzae Salmonellatyphimurium Staphylococcusaureus Shigella dysenteriaeetc., are

commensal with the vertebrate host utité host immune system ompromised

A very common example oGramnegative opportunistic pathogen i®seudomonas
aeruginosa which is ubiquitously present In immunocompromised patient®, aeruginosa
infection could be potentially fatdll]. In the United States alone, on an average 4 cases per
1000 patients (0.4 %Eleased from hospitalwe infected by,. aeruginosd?2]. Mor eover,
been estimated that almost 50 % of the patients suffering from burns, cystic fibrosis and cancer

do not surviveP. aeruginosanfections|2].

Irrespective of the nature of thgathogenthat invadesthe vertebrate hosgne thing
common between all of them is the requirement for iron which is a nutrient need to multiply and
cause infection in the hosResearch finds that iron is necessary to successfully colonize in the

vertebrate host during the initial phase of infectif8js

This strongly supportthe idea that pathogenicity of tlhacteriacould be targeted if they
are deprived of the essential nutrient irédenes involved in the iron uptake and regulation have
been characterized but there is @ gn the knowledge about the proteins they code, their

structure, functions and variodgnamicinteractions during infectionThis bringsthe attention



for abetter understamag of the mechanism by which bacteria scavenge iron from the vertebrate
host Structural characterizationf these proteingat atomic detail would help us to design
inhibitors which would targespecific proteinprotein interactionsThis in turn would help to
design better therapeutics which would be different from the convehtioerapies and would

provide long term resistance from the bacterial infections.
1.1  Iron: An Important Metal lon in Biological Systems

Iron isthe fourthmosta b undant el e ma&ust{4], andis ah éssential autrienh 6 s
for nearlyall organisms. It is a key element in oxidation/reduction reactions, due to {t§ Fe**
redox potentialsvhich dependn the ligandsthat arecoordinatedwith the iron ion It acts as a
catalyst for many oxidativengymes and is important fanany physiologically important
reactions like oxygen transport (hemoglobin and myoglobin), cytochromes in respiration,
biosynthesis of genetic material DNAell division and gene regulatid®, 6]. Despite its
abundance and significanagen acquisition and incorporation in biological systems is difficult,
leadingto cellular toxicityfrom thesolubleferrous(Fe**) form (0.1 M at pH 7)which generates
highly reactive free hydroxyl radicalvia Fentortype reaction causinglamage to DNA,
protedns, lipid membranes and other cellular components, and the {&eit) form (10 M at

pH 7)which is insolubleat the physiological pH7].
"0Q 00 © '0Q 00 0'® (Reaction 1; Fenton reaction)

In addition, oneelectron reduction of ©by ferrous ions produces superoxide radicals which in

turn reduce the ferric ions to ferrous ions:

68 0Q °© )  "0OQ (Reaction 2)



Summationof the above two reactions (Reaction 1 and Reaction 2) is dhkddaberWeiss
cyclewhich generatethe hydroxyl anions, oxygen and reactive hydroxyl radicals as the reaction

producs.
00 68 0o g0 B (Reaction 3; HabeWeiss reaction)

As a consequenagf the potentialtoxicity of the ferrous form anthe insolubility of the
ferric form, all living organismé&avedevelod efficient ways of acquiring, storing and utilizing

iron.
1.2  Iron Uptake Mechanisms in Bacteria

Similar to vertebrates, bacterial pathogens require irandet their metabolic needsdan
function normally. Grampositive bacteriahave thick peptidoglycan lipid layearound the
plasma membranehereas in Gramegative bacteria, the cell membrane is compartmentalized
into outer membrane, periplasmic space and inner memb@unaepositive and Grasmegative

bacteria have different mechanism to uptake iron/ heme from the vertebrate host.

1.2.1 Siderophores

Underiron limiting conditions, bacteria produces and secrsteall molecular weight
compounds called siderophores thaosgly and specificallybind ferric (F€**) iron ion [8, 9.
Siderophoresolubilizethe ferric ionfrom organic complexes, arattively transport against the
concentration gradientia specific cell surface receptotisrough the inner membrane llye
periplasmic protekdependenfTonB transporterd10-12]. Along with siderophores secretion,
some bacterisecrete extracellular proteases that lyse hosthnotding proteins[13, 14], or

produce exotoxins that target iron containing protglis 16] or directly bind host irotbinding



proteins and reduce the insoluble*F& the usable soluble Feform [17]. Two different
mechanisms operate iBramnegative and Grarpositive bacteria to internalize iron bound

siderophores.

1.2.1.1Siderophore Uptaken Gram-negative Bacteria

In Gramnegative bacteriahe iron-siderophore complex is firdioundby the specific
outer membrane receptor proteins such as FepA, FecA and FhuA and are actively transported
across theouter membrane into the periplasm, using the energy dependentExtniBEXbD
system[18]. Once in the periplasm, they are bound by the AilRling cassette (ABC)

transporters in the inner membrane and are delivered to the cytoplasm.

In E. coli, low levels of intracellular & inducethe production of sideophorecalled
enterobactin[19, 20]. The fur gene encodes a DNA binding protein calleerric Uptake
Regulator (Fur) which binds to the upstream of the specific DNA sequenceigmée’* co-
represes siderophore synthegBigure 11). Fé&* acts as a coepressor of the transcription
machinery. Since concentrations of Fetranscriptionally control the expression of genes that
promote iron acquisition, autation identified inFur leads taonstitutive expression diieiron

uptake genem E. coli[2]].

In Pseudomonas aerugingsavo siderophorespyoverdine and pyochelif22, 23] are
produced under the regulation of H@4]. Underiron limiting conditions,P. aeruginosdirst
synthesizes pyocheliand then switches to pyoverdm production under extremely low iron
concentrationd12, 25]. Pyochelin biosynthsis employsfewer genes and has lower iron
binding affinity (K; = 10 M%) compared to pyoverdin&{(= 10** M) [25]. The high affirity of

pyoverdine can displace iron ions from storage proteins ferrifinalso acs as a regulator for



siderophore receptors on the cell membrane as well as signal molecule by triggering the

production ofvirulence factors, PrpL and exotoxin[AZ2].

Yersinia pestissecretes a highly potent siderophore called yersiniabactin under iron
limiting conditions[26]. Yersiniabactin haa formaton constant of 4 x I for ferric iron ions

andno affinity to bind ferrousons[26].

HIGH IRON LOW IRON
Repression of iron uptake genes  De-repression of iron uptake genes

apo-Fur

Fe acquisition genes Fe acquisition genes

Fur-binding site Fur-binding site

Figure 1.1 Schematiadepresentation of Femediated gene expressidfigure adaptednd redrawnfrom reference

[4].

1.2.12 Siderophore Uptake in Grajpositive Bacteria

In Grampositive bacteria, membrane anchored binding prstéVIABP) bind the fer¥i
siderophore complexes which are then transported across the inner membrane. Once these iron
siderophore complexes are inside the cytosol, they are either reduced to ferrous ions or in some

organisms siderophores are broken dowrekease iron ioné~igure 1.3.
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Peptidoglycan, IM: Inner membrand:igure adaptednd redrawnfrom referencg27].

1.3 Heme: Most Abundantlron -containing Prosthetic Group

In thevertebrats, the blood plasma concentration of free ifmkeptbelow 10'® M due to
sequestration into higaffinity iron-binding proteins like heme in hemoglobin, irsalfur
clusters, transferrin, lactoferrin arglorage proteins like ferritins.The regulation of heme
biosynthesis and its degradation is tightly controlled as heme is tightly bound, as a prosthetic
group, to heme proteins or to the transport proteins like hemopexin (HPX) or haptggiBb)n
[28]. However, like iron, free heme is toxic and causes oxidative damage to the cells by

catalyzing formation othe reactiveoxygen intermediatesTo avoid this deleterious effect, free
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heme released into the blood plasma as a result of the breakdown of the erythrocytes are quickly
scavenged for recycling by human serum albumin (HSA), HPX and hemodglapiaglobin
(Hb-HPT) conplex [29, 30]. Under pathologial conditions, free heme, HPX, HSA and Hip

complex all serve as a source of heme lf@r invading pathogensThe low availability of free

heme in the vertebrate host has led to the evolution of dedicated and sophisticated mechanisms in

bacteria for the acquisition of heme for their nutrient requirenj8its

Majority of iron (~ 95 %) is sequestered in the form of heme, in hemoglobin (Hb) within
the vertebrate d¢is [31, 32]. Hemoglobin (Hb) is the most abundant heme protein in the
erythrocytes that transports oxygen, carbon dioxide and nitric §R@e However,as the life
span oferythrocytesend, theyundergolysis resulting inthe release oftieir contents into the
plasma. Free heme released from the lysis of Hb is sequestered rapidly by the high and low

density lipoproteins (HDL and LDL), human serum albumin (HSA) and hemopexin (F30)X)

During the initial release of heme in the plasma, around 80% is quickly sequestered in
LDL and HDL and the remaining 20% binds to HSA and HPX, wiscklowly removed from
the LDL and HDL[30]. Final fate of the bound heme is the deliverygecific cell receptors in
liver, spleen and macrophad&3-35]. Pathogenic bacteria can scavernge teme, Hb, HeHp

complex, and the her@oundHSA andHPX for their metabolic needs.

1.4 Heme as an Iron Source for Bacteria

1.4.1 Bacterial Heme UptakeSystems

Heme uptake ilisramnegative bacteriaan be classified into two groups: in one, there
direct ptake of the heme or heme associated with the host hemoproteins like hemoglobin, heme

serum albumin, hemleemopexin, hemoglobihaptoglobin and myoglobin And in another,
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heme uptakévolvesthe secretion of smatllemebindingproteins called hemophores that either
bind/ extract heme from the lysed or degraded iron containing proteins and delvethe

specific outer membrane receptors on the cell surface of the bacteria. Once the heme or is
delivered to the receptor, thargo (heme)s shuttledto the cytosol via a series of membrane
bound proteins like TorH8lependent outer membrane receptor, a periplasmic binding protein
(PBP), and an ABQransporter Inside the cytosol, cargo is acted upon and degraded by the
hemedegraling enzymes (heme oxygenases) to release iro(Figare 1.3-A) [31]. In Gram

positive bacteria, the cargo is bound by the lipoproteins anchored pefitieloglycan anére

then transported to the ABC transport prot¢Rig 31, 32, 36-38] (Figure 1.3B). Details ofthe

heme uptake systems in Gramegative bacteria will be discussedhe following sections
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Figure 1.3. Schematic representation of heme uptake and degradation in (A}r&gative bacteria and (B) Grar

positive bacteriagtaphylococcus aurelsFigure adapteérom referencg31].
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1.4.2 Mechanismsof Heme Uptake infGram-negative Bacteria

Extensive studies have been done to understand the heme uptake systems-in Gram
negative bacteria. Numerous proteins and varimeshanismsbeen suggested which are
broadly classified by Wandersman andvearkers[39] in two groups in the first group heme
uptake involes direct binding of the heme aadhemeproteins (hemoglobin, human serum
albumin, hemopexin and hemoglodaptoglobin complex) to the specific cell surface receptors
on the outer membrane. This class includasASTUVIrom Shigella dysenteria¢40-42],
ChuAfrom Escherichia coliO157:H7[43], phuRSRUVWrom Pseudomonas aerugino$d4-

46], hmuRSTUVfrom Yersinia pestis[47] and the hemRhemSTUVsystem in Yersinia
enteraditica [48]. Genetic organization ofphu (Pseudomonasheme uptake) operon in
Pseudomonas aeruginosaolvesa single outer membrane recept@h(R) for uptake of heme,
a periplasmic transport proteiphuT), inner membrane proteinp{uUVW) and a cytoplasmic

protein (phuS}49] (Figurel.4).

Outer Membrane

i Inner Membrane Periplasm i Cytosol i | i
—I:H:I<phuW <phuV <plmU MpkuS F-|:|-L| phuR >—
Fur box % vsr):b %@ ,% 4% Fur box %
ﬂa Q""& c A 6)6 Qé, %e Qca

lbo Cé® 6% 0%.0, ‘oﬂfbd}o@ 4&70

3 o,

'°o¢0 @«9% % % G ‘ofo"
K3

Figure 1.4. Genetic organization of the heme uptake locui8seudomonas aeruginosantaining thegohuRgene
and thephuSTUVWoperon. The tiree Fur bindinglomainsare shown as whiteectangles Figure adaptednd re

drawnfrom referencg49].

The secondgroup has thesmall secreted protein called hemophore which delivers the

hemeto its outer membrane receptorThis hemophoreéceptor pairis found in Serratia
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marcescenghasRADEBI [50, 51], Pseudomonas aeruginogaasRADEF [52], Pseudomonas
fluorescendg53], Yersinia pestithasRADEBIF[54]. A differenttype of hemophore have been
identified inHaemophilus influenzagHuxA) (hxuCBA [55, 56] andPorphyromonas gingivalis
(HusA) [57] [31]. The has operon in Serratia marcescenswhich is similar to that of
Pseudomonas aerugingsis regulated by intracellular iron concentrations via Fur repression.
Under ironreplete conditions, Fur protein binds®Fat the upstream ithe promoter region of
DNA and represses the transcription of iron uptake géfigare 1.5-A, yellow square) The

two genes homologous tcE. coli extracytoplasmic function (ECF) sigma factors and sigma
modulators, aréocated upstream dfiasR namelyhasl (an ECF sigma factor(Figure 1.5-A,
green oval)and hasS(Hasl antisigma factorjvhich codes for Hasl and HasS proteink
Serratia marcescenst has been shown by Rossi and cowork8g} that positive and negative
regulation othaslandhasSgenes work ircooperation witH-ur-dependent mechanism to operate
the hasoperon under irofimiting conditions. When the HasR receptor is bound with bHodo-
hemophore (HasA)it activatesthe Hasl sigma factor andinactivates theHasS, antisigma
modulator,enablingthe signal cascadeln contrast,in iron-repleteconditions, theantisigma
activity of Has$ is blocked and Hasl induces the transcription of HasS leading to the
accumulation of inactive HasS moleculdss the external concentration of external heme source
decreases or aghemophore is bound to the HasR, accumulated HasS blocks the expression of

hasR[58, 59 (Figurel.5).

1.4.3 Hemophoredependent Heme Acquisition Systems

Hemophores HasAhéme acquisition system) are small proteins which are secreted to
the extracellular milieu to capture (free or protein bound) heme and deliver itdpetiéc outer

membrane receptor, HasR. Hemophores belong to a family of highly conserved proteins with no
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.I:H_> M hasR >- kasA>- kasD>- kasE>- hasB>- //

B
Fur box Fur box
-I:I- hasL >- hass>-|:|- hasR >- hasA>- kasD>- hasEH@-

C

Fur box

ﬂ hasR >- hasA>- kasD>- hasE>' hﬂ33>' //

Figure 1.5. Genetic organization dfasoperonin (A) Serratia marcescengB) Pseudomonas aerugingsand (C)

Yersinia pestis Adapted and relrawn: Figure5-A from referencd58], Figure5-C from referenc¢54).

sequence homology to other known proteins. Hemophores are secreted viaititefendent
pathway also known as type | secretion pathway (TISS) which is one of the five secretion
systems identified in Gramegative bacterid60-62]. TISS help transport small and large
molecules from the cytopdan to the extracellular medium. The architecture of the TISS consists
of three components: (a) cytoplasmic membrane bound-Aiding cassette (ABC) class of

protein,comprisedof a nucleotide binding domain (NBD), (b) an adaptor or a membrane fusion
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protein (MFP) consisting of a cytoplasmic membrane anchor, (c) an outer membrane protein

(OMP) belonging to TolC type receptors famiBigure 1.6).

This secretion apparatus is also known as ABC exporter and usedrby different
families of proteins for thesecretion of specific proteingcluding virulence factors, hydrolytic

enzymes and hemophor¢&0, 61].

. &

O\IP f oM OMP f oM
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Figure 1.6. Schematic representation of the type | secretion patiwithythe ABC/MFP complex either (A) nc
preformed or (B) preformedC-terminus of the polypeptide interacts with the ARteinand secretion of the
polypeptide Figure adapte@nd redrawnfrom referencg60]. OMP: Outer membrane protein, MFP: Membre

fusion proteinJM: Inner membrane, OM: Outer membrane

Hemophores (HasA) are secreted by ABC secretion pathway into the extracellular
medium in a Seindependent manner.Similar to other proteins secreted by this pathway,
hemophoredack N-terminal secretion signaequence Insteada conservedecretion signal
motif (Dxxx) is located within the lagi0 amino acidgesiduesnear the @erminal end[63]
(Figure 1.7, red rectangle The Gterminal signal peptides importantas it directs the secretion
of the proteinand specificallyinteracts with the ABC protein and modulates its ATPase activity

[62] (Figure 1.6). Moreover, this interaction triggers the assembly ofCABAFP and OMP
14



proteins into a functional complext:he specific interaction of @rminal signal peptide with the

ABC protein implies that the protein is fully synthesized before being exported out in the
extracellular mediun{62]. In case of hemophores, synthesis and secretion are coupled, a
chapeone SecB binds and slows down folding of HasA, keeping the newly synthesized
polypeptide chain in a conformation that is competent for secrgiyn Two problems ariseni
theevent of uncoupling between the synthesis and secretion; (i) HasA folds in the cytoplasm and
bindsheme from other cytoplasmic protejmsd (ii) folded HasA interastwith the transporter

in vivo, and inhibits secretion of newly synthesized HasA mole¢6i&65].

Haemophilus ifluenza, which lack the heme biosynthetic pathway, utilizes heme
hemopexin complex as a heme sourltesecretes a truncated (21 residues of the signal peptide)
hemophore HuxA which strongly binds the HPX with or without heniéhe bound HPX
complex to he HuxA is then transferred to the outer membrane receptor, ,HixC

internalization 55, 66].

1.4.4 Structural Charecterization of Hemophore HasA

The apparatus consists of a secreted hemophore HasA and an outer membrane receptor
HasR The receptor HasRan bind heme directly but the efficiency of the heme uptake is
increased ~ 100 fold in conjugation wittemophoreHasA [50]. The HasA fromSerratia
marcescengHasAs) was the first hemophore to be identified and thoroughly characterized from
structural and functionalpoint of view [67]. Recent biochemical and biophysical
characterization of hemophores has been doné@f$eudomonas aeruginogblasAp) [68-70]

andYersinia pestigHasA) [36].
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Figure 1.7. Full-length HasA sequencedigned against the sequence of HasA froensinia pestisResidue 32 (H
or Q) is highlighted by#) and proximal loop residues Tyr75 and His83 are highlighted‘hy A horizontal line
above the sequence highlights residues comprising the distal @mmserved residues across the alignment ar
red, conservative substitutions in green and smmservative substitutions in blue; sequence numberin

according to th&’ersinia pestisequencé36].

16



1.4.4.1Serratia marcescens hemophore: HasAs

The first available Xay crystal structure of herimund (holo) Bmophorewas from
Serratia marcescengHasAs) [71]. Structurally and biochemically, it is thenost well
characterizethemophore The monomeric protein is composed of 188 amino acid residues with
a molecular mass of 49 kDa The crystal stucture determined &t.9 A resolution[71] of
HasAs (PDB code: 1B2V) revealel novel protein dld that bindsb-type heme in a 1:1
stoichiometry and with a high affinitykg ~ 10™ M) [72]. The overall protein structures
mentioned by the authof$g1], could beimagined as a shape ofigh, with the mouth of the fish
representing the heme binding sit&he protein is composed &}, -sécondary structural
elements with one sidecomprisedof four U-helices and the othercomposed of seven
antiparallelb-strang. Heme iscoordinated by a unique pair of ligands, Tyr75 and His32, with
each axial ligand harbored between Ibeg loops termed aghe Y75 loop and the H32 loop
(Figure 1.8-A and 1.8-B). Structurally closeto Tyr75 in the Y75 loop, His83 is presemhich
forms a tight hydrogen bon@.8 A) with the @] of Tyr75 via its Ni1 NH group. It has been
proposed that this hydrogen bond interaction modulates th€dlyond, thereby increasing the
nucleophiliccharacter of Tyr7%73, 74]. Similar structural features have been characterized for
the holo hemophore from. aeruginosgHasAp) (Figure 1.8-C and1.8-D) [68]. Similar to the
holo-hemophoresolution NMR structure of apdasAs[72] and Xray crystal structure of apo
HasAp[69] is available which shows overall similar polypeptide fold compared to the-holo
counterpart excepor the H32 loop which isvide open and folds back onto the body of the
protein. The axial ligand His32 iscated ~ 30& awayrelative to theholo-protein(Figure 1.8-A

and1.8-C). Recent crystal structure of apand holehemophore fronYersinia pestigHasA,)
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presents a different conformation of the distal loop which is discussed in Chapter II of this

dissertation.

Figure 1.8 Structuralcomparison of apcand holeHasA from(A and B)Serratia marcescerand (C and D) from
Pseudomonas aeruginasé¢h e | i ces ar e ecstrdndsineatral algrBistal (|32dooptharboring the
His32 ligand is colored magenta, proximal (YT&)p harboring the Tyr75 ligand is colored gredPDB codes (A)

apoHasAs, 1Y2B, (B) holdHasAs,1B2V, (C) apeHasAp, 3MOK and (D) hol¢dasAp (3ELL).

1.4.5 Mechanism of Heme loading

Initially, Wolff and coworkers proposed anduced fit model involving &wo-step hemin

loading mechanismwherehemin first interacts and loads onto ti&5 loop followedby the
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closure of the H32oop thus coordinating the hemion [72]. Gramnegative hemophore
proteinshaving a His/Tyr ligand coordinatiorto a ferric iron ion[75]. First evidence of Tyr
ligation comes with the works of Luk&ogers and cavorkers [75], upon reduction with
dithionite in the presence of G® holo-HasAsled to a TyrGFe(11)-CO complex formation with
the displacerant of the His32Zesiduefrom the distal loop. Furtherevidence comes from the
crystal structure of HasAs in complex with its receptor (HasR), where the Tyr75 is coordinating
the heminiron and the His32 is away from the herbimding conformatior{76]. The above
mentionedtwo studies in HasAsuggestd that His32 is a more labile ligand and is readily
displaced[75]. A detailed structural investigation of the ra¥é His32 side chain in hemin
binding has been done using the H32A mutant of H488p70]. The X-ray crystal structuref
H32A holoHasAprevealed a nowrystallographic dimerienolecule. Each of the two subunits
coordinate the herieon ion by Tyr75 and the distal face of the heme molecules are stacked
upon each otherThe conformatiorof the A32 loop is identicato the H32 loo@and thestructure
of each subunit is superimpdida to thewt apoHasAp structurgFigure 1.9). Kinetics studies
done on thevt apaHasAp using stoppeffow, EPR and resonance Ramargritifies biphasic
hemin loading(i) where thefirst phase is completed within 20 nasd Tyr75 coordinates the
heminiron ion from theY75 loop and (ii) second phase completed~ 1 swith the closure of
H32 loop and coordinating the heri®n by His32from the distaloop (Figure 1.10). Kinetic
measurements done &82A HasAp mutanteveale only the first phase corresponding to the
hemin loading onto the Y75 loop70]. Taken together, he structural and spectroscopic
observations suggested that the herfiigt loads onto the Y75 loofollowed by the closure of

H32 loopwhich isaccompanied by the large conformational r@agemenf70].
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Figure 1.9. Crystal sructure of H32A holeHasApdimer (PDBcode 3MOL) showing cefacial stacking of heme

molecules H32 loopis colored magenta and Y75 loop in green cohoissing electron densityn subunit Bis

located between the asteri§k$)].

Figure 1.10 Schematic representation of hefnading mechanism of Hasésingwt apc and holo Xray crystal
structures fromP. aeruginosa Initial binding of heme is complete within 20 ms and is coordinated by T
followed by the closure of H32 loop thus completing the process in ~ 1 s. H3BIslopwn in magenta, Y75 loo

in green[77]. Figure adapted from referengzl].
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1.4.6 Interaction of HasA with theReceptor HasR

The cetailed mechanism of heme delivery to the receptor HasR islesrly understood.
Co-crystal structures of holblasAs and ap#lasAs bound to HasR (PDB code: 3CSL and
3CSN) and holgHasA bound to the 1167G mutant of HasR (PDB code: 3DDR) are available,
and provide some insight for thelelivery of heme from holélasA to HasR(Figure 1.11).
Proteinprotein interactions h& been suggested as the driving force for the heme transfer from
the holeHasAs to the receptor HasR, which induces conformational changes leading to the
weakening/ or breakage of the Tyfi#& coordinatiorbond and moving of the heme from HasAs

to HasRcoordinaed by His189 and His609esidueg61, 76].

Figure 1.11 Superimposed crystal structures of hélasA (PDBcode 1B2V) and of HasAheminHasR complex
(PDB code:3CSL) fromSerratia marcescensThe structure of the HashAeminHasR complex is shown in grey .
80% transparencyThe HasR heme ligands His189 and®603 are shown in blueFigure adapted from referenc

[31].
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1.4.7 Hemin in Periplasm and FurthefTranslocation

Once in the periplasm, periplasmic binding proteins (PBP) serve a crucial function of
capturing the heme from the outer membrane receptasRfor further transport across the
periplasmic spacérigure1.3-A). Crystal structures are available for the PBP®sdudomonas
aeruginosa(PhuT) [45], Shigella dysenteria¢ShuT) [45] and Yersinia pestigHmMuT) [78].
Structurally, the Nand Gterminal domains are connected by a IdHgelix and the heme loads
between the two domains coordinated by a Tyrdtesifigure 1.12) except for HmuT in which
two molecules of heme at®mundto the structurecoordinated byTyr70 and Hisl67residues
(Figure 1.12-C). The structural informationprovidesan insight into the PBP henfending

proteinwhich mediates hemestivery throughthe ABC transporteacrosshe inner membrane.

Figure 1.12. Crystalstructures of heme binding PBPS) PhuT (PDBcode 2R79), (B) ShuT (PDRode:2RG7)
and, (C) HmuT (PDRode 3NU1). The structure of HmuTQ) has two heme moleculesordinated by Tyr70 ant

His167 ligands Figure adapted from referenfl].
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1.4.8 Iron Release andrate of Hemein the Cytosol

Once the macrocycle is in the cytoplasm, chaperone PhuS sesgubstdreme and
transfers it to the heme degrading enzyme (heme oxygenase(Fe 1.3). HO enzymes
catalyze the breakage of theme macrocycleeleasing the iron for the metabolic needs or for
storage in the bacterialhe HO mediated degradation of heme to release iron is summarized in
schemel. Briefly, the process beginsith the reduction of F& iron ion to F&" which enable
an oxygen molecule to bind at the distal site, formangoxyferrous complex (Ee0,). The
oxyferrouscomplexuponacceping a second electron and a protsrconvertednto an activated
ferric hydroperoxy (F&-OOH) oxidizing speciesRecent findingsn Pseudomonas aeruginosa
demonstrate that the electron donor is a ferredoxin NARBuctase fa-FPR), a NADPH
dependent flavoenzyni81, 79]. The F&*-OOH intermediate in HO reacts withmesocarbon
in hemeto produceferric -mesehydroxyheme thatindergoes a rapid &lependent elimination
of carbon monoxide (CO) to form verdohem¥erdoheme is subsequently oxidized to"'Fe

biliverdin by an oxygen moleculereaking the macrocycle to release iron|[i8.

HO,C
HyC 8 pd

heme

0

Cco

HiC H,C

biliverdin verdoheme a-meso-hydroxyheme

Scheme 1. Schematic representation of the hedegradation carried out by the heme oxygenase (HO) enzy

Schemeadapted from referend&1].
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15 Research Problem and Rationale

The ubiquitous role of iron is important for many physiological functiobsespite its
importance, the redox pair of £& Fe* posesunique challengeso the living cells. The
insolubility of the ferric form (F&) at physiological pH and the toxicity of the ferrous form
(F€") generating free radicals via a Fentgpe reaction, are overcome by sequestering iron in
high affinity heme binding proteins in vertebratdls Similar to iron, hemes also toxic to cells
and is quickly sequestered by hemopexin and serum althemie binding proteins, keeping the

free iron levels below I8 M in the plasma.

Low concentrations of free or bound iron in blood plasma passgnificant challenge
for the pathogenic bacterialhe need to thrive in a hostile environment hasGeamnegative
pathogendo evolve variousron/ heme scavengingfrategies. These strategies can be broadly
classified into (a) secretion of small molecular weight moleculesdcalldi si der ophor es o
bind ferric-iron with a high affinity, (b) direct binding of the irasomplexed proteins to the outer
membrane receptors and (c) secretion of Rbrhen di ng pr ot eins call ed Al
the heme and subsequently deliver ittheir cognate outer membrane receptdr.has been
established that iron acquisition is critical hacterialsurvival during the course of infection.
Hemophore dependent heme acquisition system has been structurally characteSizedtia

marcesceng’1, 80], Pseudomonas aeruginofas, 68, 69, 81] andYersinia pesti$36].

Yersinia pestisis a Gamnegative roeshaped bacteriumbelonging to the
Enterobacteriaceagamily. It is a causative agent blubonicplague and has a dual, mammal/
flea, life cycle. Similar to other Grarmegative pathogenic bteria,Yersinia pestislso requires

iron for its metabolic needsAn iron deficient environment in the mammalian hosts poses a
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challenge to acquire and utilize iron for iteetabolicneeds. Y. pestisuses heme and a wide
variety of host heme containing protein complexes including hemoglobin, hemopexin,

hemoglobirhaptoglobin, myoglobin and serum albumin as sources to iron.

1.5.1 Organization of Chapters in this Dissertation

Chapter 2: Structurally claracterized @mophores havan unusual set of heme binding
ligand (His/Tyr) which bind and coordinatdee heme between the proxin{®l75) and the distal
(H32) loops. With the first Xray crystal structure frons. marcescenand then fromP.
aeruginosathis coordination pair was thought to operate in all Gregative pathogens witn
induced fit binding of the heme macrocycle sandwiched between the His32 and Tyr75 residues.
A closer look at the multiple sequence alignm@mgure 7) of hemophors from different Gram
negativepathogens reveals that the Y75 logsidus, Tyr75 and its hydrogen bond partner
His83 (His81 in Has4,), areconserved across the alignmewhereas the His32 is noinstead
in Yersinia species, there is GIn32 presenstead of His32in the distal loop. Given the
structural similarity between theknown hemophore Serratia marcescengHasAs) and
Pseudomonas aeruginofidasAp) hypotheses were formulatéat Yersinia pestis(a) the heme
iron would be coordinated by a ve set of ligands (GIn32/Tyr75), (b) there whie structural
compensation for His32 to GIn32 residue chaage (c)the kinetics of heme loading be similar

to that of HasAp or completebifferent

In order to investigate abougypotheseswe usedchromadographic methaoslto isolate
and purify the hemophore froiversinia pestigKIM10+). Crystals were grown for botlpe-
and holeHasA, proteinswhich were thercharacterized by Xay crystallography to elucidate
the structural featuresThe detailed redis and discussions are presented in Chapter Il of this

dissertation
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Chapter 3: X-ray crystalstructure of wt apédasAp structurshowsthat the H32 loop is
wide open andhe His32is locatedapproximately ~ 30 away from the heme binding site.
Similar observationvas complementedrom the solution NMR study of the aypootein. These
two analysesuggesthat the H32 loop isonformationallystableand do not show flexibility in
the apeform. The stability of théd32 loop in the apgroteincouldb e vi sual i zed as
l i ked networ k of H38lbop inthe wide @pers corffoomatibiypog heteh e
loading the intramolecular interaction triggers thé32 loop closure, suggesting large
conformationalrearrangementn the H32 loopthus, coordinating the henri®n by His32.
Combining the available structural information fromSerratia marcescensPseudomonas
aeruginosaand Yersinia pesti©iemophors, the conformational changes were mapped onto the
apoHa s Ap protein structure to understand the H
structural changes shows the presence of Arg33 in a very strategic location over the body of the
hemophoreHasAp Hypotheses werrmulatedsuggesting thafrg33 is tre key toanchoring
the open conformation of the His32 loop. To test the hypotheseseplacedArg33 with
Ala33. The nutatedprotein was purifiedand then screened for crystal growthUniformly
labeled °N-mutated proteins were preparedhich were investigated usingsolution NMR
spectroscopy. Chapter Il discusses the detailed structural investigation of R33A iHatai

proteirs.

Chapter 4: Theamino acidsequencef known hemophore@=igure 7) suggests a strong
conservation of Tyr75 and His83is81 in HasAy,) residues. From thavailable crystal
structues (HasAp, Has#g and HasAs)the location of these two residues on the Y75 loop is
nearto eachother(Figure 8 A-D). Tyr75 (Oqg) engages in a hydrogen bond interaction with the

His83(Ny) (His81 in HasAy) andthe interaction ishought to increase the phenolate character of
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Try75. It has been proposed that this hydrogen bond interaction between the Tyr75 and His83
(His81 in HasAy) is essential for proximal heme coordination by TW@8 73, 74]. Given the
structural conservation of Tyr75 and His83 and the proposed requirement for theHIS835
hydrogen bond in heme coordination by Tyrge carried out structural and spectroscopic
investigation of the Y75 loogonserved residueis the P. aeruginosa To investigate this
hydrogen bond requirememntie replacedTyr75 and His83or Alanine Detailedstructural and

kinetic investigationsof the Y75A and H83Amutantsand discussion of the observatioa®

summarized in ChapteY|

Chapter 5: The importance of current findings in the context of past and present
knowledge is discussed. Future directions and avenues for further research in this area are

suggested along with the dissertation summary.
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Chapter 2

The Hemophore HasA fromYersinia pestigHasA,,) Coordinates Hemin with

a Single Residue, Tyr75, and with Minimal Conformational Change

38



Summary

Under ironrlimiting conditions several Gramegative pathogens secrete a hemophore (HasA) to
scavenge hemin from various iron binding/ containing proteins in the vertebrate host and deliver
it to the specific outer membrane receptor (HasR) for intern@alizatStructurally characterized
hemophores fronSerratia marcescenfHasAs) andPseudomonas aeruginogélasAp) bind

hemin between two loops (Y75 and H32), which harbor the axial ligands His32 and Tyr75. In
both the organismgshe hemophore has similar epand holo structures except the H32 loop
which shows a large conformational rearrangement and relocates His32 ~ 30 A from an open
(apo) to a closed (holo) upon binding of the henkéemin binding to the Y75 loop triggers
closing of the H32 loop and enablbinding of His32. Amino acid sequence alignment of HasA
proteins fromYersiniaspecies show conservation of Tyr75 and His83 in the Y75 loop, but no
conservation of the His32 residue, instead contain a GlIn at position 32. In order to understand
the stouctural compensation in the absence of His32, we investigated and carried out the
structural characterization of the hemophores from Yersinia pestis {fjasAthe hemdree

(apo) and heméound (hole) forms. Surprisingly, the Q32 loop in aptasA, is already in

the closed conformation but no residue from the Q32 loop binds hemin irHBEeky,.
Moreover, Tyr75 is the only endogenous protein provided hemin ligand inHas4,. In
agreement with the minimal reorganization between the @b holestructures, hemin binding

to apeHasA,, occurs on a sulillisecond timescale undetected by conventional stofipad

measurements.
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2.1 Introduction

Although iron is important for many crucial biological functions, its chemical properties present
unique challenges to living cells, which have to overcome the insolubility of Fe(lll) and the
toxicity of Fe(ll) by sequestering iron in heme, irsulfur clusters or iron binding proteins. The

very low concentrations of free iron in host cells pose significant challenges to pathogenic
bacteria, which have evolved efficient strategies to scavenge iron, including secretion of
hemophores, siderophores, hemolgsproteases and cytotoxifis 2]. Given that-70% of total

iron is bound to hemoglobin, heme is an important iron source. Thus, a strategy used by bacteria
to acquire heme is the deployment of hemophoreschwhre small proteins secreted in the
extracellular milieu of the vertebrate hosts to capture free or proteind heme and deliver it to

the outer membrane receptor of bacteria. The heme is then transferred from the outer membrane
receptor to the cytoswia specific interactions with the proteins in the periplasm and the inner
membrang 2, 3], where the macrocycle is degraded by helagrading enzymet® release the

iron [1, 4, 5]. The released iron then can be either used for the metabolic purpose or stored in
iron storage proteins like BfrB in the bactdih. The HasAtype hemophore was first identified

in Serratia marcescern¥] and then shown to be conserved in sdv@ram negative pathogens
including, Pseudomonas aerugings@seudomonas fluorescens, Yersinia pgsHsrsinia
pseudotuberculosi€rwinia carotovoraand Pectobacterium carotovorufi8-12]. Hemophores

from S. marcescen@dasAs)[13, 14] andP. aeruginosgHasAp)[8, 15 have been structurally
characterized in their ap@nd heméound (holo) forms and are found to be nearly identical.
The X-ray crystal structure reveals a novel protein fold composedlfreb t y piththéd ol d w
wa | | -heticks otJone side and wall pstrand on the another. The hemophore protein binds

heme in a 1:1 stoichiometry and the hemin iron in H#ésAp (and HasAs) is coordinated by
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His32 and Tyr75. Each axial ligand is harbored in a loamed either the H32 or Y75 loop.
From the solution NMR studies of aptasAs[14] and Xray crystal stucture of apeHasAp[§],
the main difference between the amd holestructures is a large rearrangement of the H32

loop, which relocates His32 ~30 A upon loading of the h@figare 2.1).

Figure 2.1. Structure of (A) holeHasAp (PDB code: 3ELL) and (B) apdasAp (PDB code: 3MOK) showing th
proximal (Y75) and distal (H32) ligands. The Y75 loop is shown in green, the H32 loop is in magenta and tl
is in red. Heme loads onto the Y75 loop; triggelosure of the H32 loop, and enables the His32 to coordinat

heme iron.Figure adapted from referengH).

To prdbe which axial ligand (His32 or Tyr75) from the hemophore first comes in contact
with the heme, structural and spectroscopic studies were carried out with the WT and H32A

HasAp[8, 17]. A detailed spectroscopic investigation identifies biphasic hemin loading: (i) first
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phase where hemin loads onto the Y75 loop within a few milliseconds and is likely rapidly
coordinated by Tyr75, followed by a (ii) second phase where the coordinatibiis®y takes

place, which is significantly slower (hundreds of milliseconds to second §t&Je)in the Xray

crystal structure of H32A holblasAp in complex wh imidazole, hemiaron is coordinated by

Tyr75 and imidazole, the H32 loop is near the distal heme face and adopts a conformation very
similar to that of WT holéHasAp;NMR studies suggest that this conformation is maintained in
solution[8]. These findings led to the conclusidrat hemin loading onto the Y75 loop triggers
closing of the H32 loop. Results from targeted molecular dynamic simulations allowed
identification of motions that are likely important for transmitting the presence of heme in the

Y75 loop to the H32 loop inrder to initiate its closingg].

Given the unusual His/Tyr coordination of the heiinom and the induced fit closing of
the H32 loop upon hemin loading onto the Y75 loop of HasAp or HasAs, it is intriguing that
His32 is not conserved amongst HasA proteins. Multiple sequdigeenant of hemophore
sequences from different Gramegative pathogens reveals that the Y75 loop residues, Tyr75 and
His83 (His81 in Hasé), is conserved across the alignment whereas His32 is not conserved.
Instead inYersiniaspecies(Figure 2.2) therds a GIn at position 32 and do not have a His
residue close in the sequence that could coordinate the hemin iron. These observations suggest
that if the hemophore structures Yérsiniaspecies are similar to HasAp and HasAs, then the
hemin iron would bexially coordinated by an unprecedented set of ligands, GIn32 and Tyr75.
In order to understand how the structures of hemophores compensate for the absence of H32, we
carried out the structural characterization of the hemophore ¥fersinia pestisKiM10+

(HasAyp) in its hemefree (ape) and hemévound (hole) forms.
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Figure 2.2 Full-length HasA sequencedigned against the sequence of HasA fréemnsinia pestisResidue 32 (H
or Q) is highlighted by#) and proximal loop residues Tyr75 and His83 are highlighted*hyA( horizontal line
above the sequence highlights residues comprising the distal @opserved residues across the alignment at
red, conservative substitutions in green and smmservative substitutions in blue; sequence numberin

according to the&/ersinia pestisequence Sequence alignment done using CLUSTAL[W], figure adapted fron

referencg16)].
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2.2  Experimental Methods

2.2.1 Cloning of the HasA, Gene

A synthetic gene coding for fulength Yersinia pestidasA (HasAy) was synthesized
and subcloned into the pET1la expression vector by GenScript (Piscataway, NJ). Silent
mutations to introduce codons favored&sderichia coliwere engineered into the HagAyene
[20]. Restriction sitedNdd and BanH | were introduced at the 56
respectively (Table 2.1), to facilitatubcloning into the pET1la vector. The recombinant
plasmid harboringhe HasA, gene was then transformed into #ecoli BL21-GOLD (DE3)
competent cells (Stratagene, La Jolla, CA). A gene coding for truncatedpHaalAlengthi 12
residues) was constructed by appropriately placing a stop codon in the recombinang pET11
plasmid harboring the gene coding for fldhgth HasAy, using the QuickChange mutagenesis
kit from Stratagene (La Jolla, CA). The oligonucleotides were synthesized by Integrated DNA
Technologies, Inc. and were used without further purification. Thenepsi used werd'*
GCCCCGATGGTTGATACGGTTAAGTTGTTGATTGTCACGATATGS3 and 5
CATATCGTGACAATCAACAACTTAAACCGTATCAACCATCGGGGEG3; the underlined
codons represent mismatches that introduce a stop codon after Val 193 (see Table 2.1). The
mutation was confirmedybsequencing (ACGT, Inc., IL) and the recombinant DNA plasmid was
transformed intdescherichiacoli BL21-GOLD (DE3) competent cells for subsequent protein

expression.
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50 Ndel
GGC CAT ATG TCT ACC ACC ATC CAA TAC AAC AGC AAC TAT GCG GAC TAC TCT

ATC TCC TCG TAC CTG CGT GAA TGG GCA AAC AAC TTC GGC GAT ATT GAT CAG

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

GCG CCG GCC GAA ACG AAA GAC CGT GGC TCA TIT TCG GGT AGC TCT ACC CTG

33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49

TTC AGC GGC ACG CAA TAT GCA ATT GGT AGT TCC CAT TCT AAC CCG GAA GGC

50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66

ATG ATC GCT GAA GGT GAT CTG AAA TAC TCT TIT ATG CCG CAG CAT ACC TITC

67 68 69 70 71 72 73 74 75 76 7 78 79 80 81 82 83

CAC GGC CAG ATC GAT ACG CTG CAA TIT GGT AAA GAC CTG GCA ACC AAT GCT

84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100

GGC GGT CCG AGT GCA GGC AAA CAC CTG GAA AAA ATT GAT ATC ACG TIT AAC

101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117

GAA CTG GAT CTG AGC GGC GAA TTC GAC AGC GGT AAA TCT ATG ACC GAA AAT

118 119 120 121 122 123 124 125 126 127 128 129 130 131 132 133 134

CAT CAG GGT GAT ATG CAC AAA AGC GTC CGC GGC CTG ATG AAA GGT AAC CcCG

135 136 137 138 139 140 141 142 143 144 145 146 147 148 149 150 151

GAC CCG ATG CTG GAA GTG ATG AAA GCC AAA GGC ATT AAT GTT GAT ACC GCG

152 153 154 155 156 157 158 159 160 161 162 163 164 165 166 167 168

TTC AAA GAC CTG AGT ATC GCC TCC CAA TAT CCG GAT TCA GGT TAC ATG TCG

169 170 171 172 173 174 175 176 177 178 179 180 181 182 183 184 185

GAC GCC CCG ATG GTT GAT ACG GTT GGT GTT GTT GAT TGT CAC GAT ATG CTG

D A P M \ D T \% G \% \% D C H D M L

186 187 188 189 190 191 192 193 194 195 196 197 198 199 200 201 202
BamH]I 36 N

CTG GCT GCC TAA GGA TCC GGG

L A A -

203 204 205

Table 21. DNA and corresponding amino acid sequence oflénbth HasAy,. Ndd and BarHI restriction
endonucl ease sites wer e i n<lonmgl dheearotaymbot (M) endicatés thaplate 36 e n
where a stop codon was introduced to expfedength minus 12 residues (F12) HasAy,. Figure adapted from

referencq16].
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2.2.2 Protein Expression and Purification

HasA, was expressed using previously described methods and was isolated using a
protocol reported for the purification of aptasAp [8] with a few modifications: supernatant
from cell lysis was loaded onto a-$@pharose Fast Flow column (2.6 cm i.d. x 15 cm, GE
Healthcare) prequilibrated with 20 mM TrisHCI (pH 7.6) at 4°C. The column was then
washed with 2 column volumes of the same buffer and the protein eluted with the same buffer
using a linear NaCl gradient -@D0 mM). Fractions containing the HagAprotein, as
determired by SDSPAGE, were pooled and dialyzed against 50 mM sodium phosphate buffer
(pH 7.0) containing 900 mM ammonium sulfate before loading onto a Phenyl Sepharose 6 Fast
Flow (GE Healthcare) column (2.6 cm i.d. x 12 cm)-eqeilibrated with the same buffat 25
°C. The protein was eluted in stepwise manner: (a) 50 mM sodium phosphate/750 mM
ammonium sulfate (pH 7.0) was used to elute weakly bound proteins, includinglé®tg, and
(b) a linear gradient of sodium phosphate {3 mM)/ammonium sulfate 6D - 0 mM), pH
7.0, was used to elute aptasA,.  Fractions containing apoprotein were pooled and
concentrated to a volume of ~ 1 mL using 10 kDa molecular weighafc@wWCQO) Amicon
ultracentrifuge filters (Millipore, MA) before loading onto a Sepha@eX5 (2.6 cm i.d. x 90
cm, GE Healthcare) size exclusion column-eageilibrated and eluted with sodium phosphate (

= 0.1, pH 7.8) buffer.

Apo-HasA,, purified to homogeneity was analyzed by electrospray ionization mass
spectrometry. The mass spectrdicated that the fullength protein is cleaved at thet€minus
during purification, with the shortest protein corresponding tolémgth i 12 residues, not
including the initiator Met(Figure 2.3A). C-terminal cleavage of hemophores is common

featue and may have functional relevarj@2, 21]. Both HasAs and HasAp are secreted in the
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extracellular milieu war e it u n dtermigus preteolytith deav@g@ that removes the
last122 0 ami no aci d r esi due s-termindscleacageseamovedthelthsts A s ,
12 residues, whereas in HasAp, last 21 residues are cl¢a2e@?]. A stop codon was
introduced after Val93 (Table 2.1) toexpress truncated apdasA,, conssting of full-lengtht

12 residues (F12). The masspectrum(Figure 2.3B) showsthat FL-12, devoid of the initial

initiator Met, can be purified to homogeneity.

110 110
A 20,905 B 2()._373(”, -12)
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> >
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Figure 2.3. (A) Mass spectroscopic analysis of protein obtained upon expressiopuafidation of fullFlength
apoHasA,, (expected MW = 22,099 Da) indicated that the protein is cleaved at-thiem@us, with the shortes
protein corresponding to fulengthi 12 (FL-12) residues, not including the initiator methionine. (B) M
spectrecopic analysis of protein obtained upon expression and purification-& FlpeHasA,, showed that the
truncated protein devoid of the initiator methionine (expected MW = 20,874 Da) can be purified to homo

(experimental MW = 20,873). Figure adagpferm referenc¢16).
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To prepare holddasA, a solution ofapoHasA, (FL-12) in sodium phosphate buffer (
= 0.1, pH 78) was titrated with a solution of hemin (1 mM) in dimethyl sulfoxide. The resultant
solution was incubated overnight at@, concentrated to ~ 1 mL using 10 kDa MWCO Amicon
ultracentrifuge filters and loaded onto a Sephade#G2.6 cm i.d., x 90 cm)ize exclusion
column preequilibrated and eluted with sodium phosphgie=(0.1, pH 7.8) buffer. The
homogeneity of the protein was assessed by-BBRSE and mass spectrometry. The-V\é
spectrum of Hasg) (Figure 2.4)exhibits a Soret maximum at 403 r{rdgt = 116.8 mM" cm?)

and bands at 498, 535 and 620.nm

1.2

403
‘
1.0 -

0.8 1

0.6 1 498

\ /\535
280 X 620

\

\I
/)
0.2 - X 10 Li

0.4 -

Absorbance

\

T T T T T T T T Ww
250 300 350 400 450 500 550 600 650 700 750

0.0

Wavelength (nm)

Figure 24. Electronic absorption spectrum of hemegonstituted holddasA,.
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2.2.3 Crystallization

Crystallizationexperiments were carried out with apnd holeHasA,, (FL-12) using
the sitting drop vapor diffusion method and Compact Jr. Crystallization plates (Emerald
BioSystems). Equal volumes (0.p&) of protein and crystallization solution were mixed and

equilibrated against 7j5L of reservoir solution.

2.2.3.1Apo-HasA, Crystallization

Crystals showing tetragonal morphology were obtained within one week from a solution
of apoHasA, (63 mg/mL)in sodium phosphate buffep (= 0.1, pH 7.8) and the Index HT
screen (Hampton Researctgppendix [) condition H2 (0.2 M potassiumsodium tartarate
tetrahydrate,20% (w/v) PEG 3350)(Figure 2.5A). These crystals were crotected by
transferring to a solution containing 80% crystallization solution and 20% (v/v) PEG 400 for
approximately 30 s before freezing in liquidrogen. Crystals with hexagonal morphology were
obtained upon mixing the same protein solution \higlndex HT screen (Hampton Research)
condition C9 (1.1 M sodium malonate pH 7.0, 0.1 HEPES pH 7.0 and 0.5% (v/v) Jeffamine ED
2001 pH 7.0)(Figure 2.5B). These crystals were transferred to a solution containing 80%
crystallization solution and 20% (v/v) PEG 400 for approximately 30 s before freezing in liquid

nitrogen.

2.2.3.2Holo-HasA, Crystallization

A cluster of thin needles grew withind3daysfrom 32 mg/mL holeHasA,, in sodium
phosphate buffer (u = 0.1, pH 7.8) aiiné Wizard Ill screen (Emerald BioSystems) condition 3
(20% (w/v) PEG 3350, 200 mM magnesium formate dihydrate). These crystals diffracted to low

resolution. Therefore, refinement the crystallization conditions was carried out usihg
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pHaT Buffer (Emerald Biosystemgpppendix 1) screen Thick, needle like crystals were
obtained within 12 days using pHat Buffer Screen condition C10 (0.5 M CHES/ NaOH, pH 8.8)
(Figure 2.5C). The crystals were cryprotected by transferring to a solution containing 80%

crystallization solution and 20% DMS@r approximately 30 rior to freezing in liquid

nitrogen.

Figure 25. Crystal images ofA) tetragonal crystal form, (B) hexagonal crystal form of-&fasA,, and (C)

crystal of holeHasA, formed in a compact Jr. sitting drop vapor diffusion plates.
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2.3.4 X-ray Data Collection, Structure Solution and Refinement

Data for apeHasA,®, apeHasA," and holeHasA, were collected at 100 kit the
Advanced Photon Source (APS) IMEB2AT, beamline 14D using a Dectris Pilatus 6M pixel
array detector. The diffraction data were integrated with XP& via the XDSAPP[24]
interface and the Laue class and data scaling were performed with Ai2&ss Structure
solution of the apgrotein was obtained by molecular replacement with Pha&rvia the
Phenix [27] interface using the holblasAs structure (PDB: 1DKO) as a search model.
Automated model building and structure refinement was conducted using Phenix and manual

tet

model building was camd out with Coof28]. The final apeHasA,,  structure was used as the

search model for subsequent molecular replacement searches for tHas#pgd® and hole

tet

HasA, data. Crystals of apdasA,  were indexed in a teagonalP lattice with the most
probable Laue class mimmand space groupB4; 2; 2 or P43 2; 2. Molecular replacement
searches were conducted in all space groups with 422 point symmetry and the top solution was
obtained inP4, 2; 2 with one molecule in the asymmetric unit. The model was refined with
anisotropic atomic displacement parameters for all atofsodium ion was modeled near the
C-terminus which is coordinated to the backbone carbonyls of L172, A175 and F169. For apo
HasA,"* the crystals were indexed in a hexagonal laffiagith the most probable Laue class
6/m and space group6;. Indeed, the top molecular replacement solution was obtaineésin
although space groups with 6 point symmetry were tesiée. electon density maps contained
features consistent with a tris molecule (from the buffer) on a crystallograjbid 8s well as

four malonate and three polyethylene glycol (PEG) molecules (from crystallization solution).

TLS refinemen{29] was incorporated in the latter stages of structure refinement.-Hts8,,

crystals were indexed in @-centered lattice (space gro@?). Molecular replacement was
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conducted in this spaaggroup searching for 10 molecules in the asymmetric unit which were

positioned by Phaser.

Following subsequent rounds of refinement, large difference electron

density peaks (F.) greater than 8 were observed on the distal sites of the heme molecules.

These sites were originally assigned as water molecules, however residual positive electron

density above the s3contour level was observed around these water molecules following

refinement. Chloride ions were ultimately assigned at these sites baseslalacthon density,

the coordination environment (positively charged Arg residues) and expecteldomded

distancego the heme Fatoms[30]. The average distance betweaba CI and hemd-e atoms

is 2.82 A. Table 2.2 summarizes thrgstallographic details for the three refined structures.

Table 2.2. X-ray diffraction and refinement statistifts HasA, structures

Apo-HasA,

hex

Apo-HasAy, Holo-HasAy,

Data Collection

Unit-cell parameters a=70.34,c=74.84

(A’ o)

Space group
Resolution (Aj
Wavelength (A)
Temperature (K)
Observed reflections

Unique reflections

<l/s(1)>*

Completeness (%)

P4,2,2

a=75.07,c=129.30 a=139.40,b=69.56,
c=232.30,6~100.1

P63 C2

41.421.10 (1.121.10) 45.831.60 (1.631.60) 47.052.20 (2.242.20)

1.0000
100
638,353
76,552
21.8 (2.9)
100 (100)

1.0000 1.0000
100 100
552,152 379,425
54,313 109,337
18.2 (2.1) 9.9 (2.0)
100 (100) 98.2 (97.7)



Multiplicity * 8.3(8.2) 10.2(10.3)

Rinerge(%0)" 2 4.2 (75.5) 7.6 (1.257)
Rmeas(%0)™ * 4.5 (80.5) 8.1 (1.323)
Ryim (%)™ * 1.5 (27.6) 2.5 (41.2)
CCyot° 1.000 (0.802) 0.999 (0.688)
Refinement

Resolution (A) 33.041.10 37.541.60
Reflections 72,634 3,844 51,507 / 2,761
(working/test)

Reactor/ Riree (%)° 13.9/14.6 16.1/19.0
No. of atoms 1,458£/220 2,754 /- | 259

(Protein/Heme/Water

Model Quality

R.m.s deviations

Bond lengths (A) 0.010 0.009
Bond angles% 1.214 1.046

AverageB-factor (A%

All Atoms 16.9 25.9
Protein 15.2 25.1
Heme - -
Water 28.5 324
Coordinate error, 0.08 0.16
maximum likelihood

A

Ramachandran Plot

Most favored (%) 98.45 98.35
Additionally allowed 1.55 1.38
(%)

3.5 (3.6)

8.7 (66.8)
10.3 (78.4)
5.5 (40.8)
0.996 (0.686)

38.622.20
103,819 /5,497

16.6/22.3
13,624 / 430/ 720

0.012
1.158

31.8
31.6
35.4
33.7
0.29

98.08
1.92
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1) Values in parenthesis are for the highest resolution shell.

2)  Rmerge= SnSi [li(hkI) - <I(hkD)>| / ShS; 1i(hkl), wherel;(hkI) is the intensity measured for thk reflection and
<l(hkl)> is the average intensity of all reflections with indices hkl.

3)  Riactor= Shid [[Fobs (NKI) | - [Feaic (NKI) || /Shia [Fons (NKI)|; Rfree is calculated in an identical manner using 5% of
randanly selected reflections that were not included in the refinement.

4) Rneas= redundancyndependent (multipliciweighted)Ryergd 25, 31]. Ryim = precisionindicating (multiplicity-
weighted)Rmergd 32, 33).

5) CCyis the correlation coefficient of the mean intensities between two randorsetsibf datf34, 35).

2.2.5 Spectroscopic and Kinetic Analyses of HagA

Kinetic measurements (EPResonance Raman and Stopfiledv experiments) were
done by our collaborators, Dr. Hirotoshi Matsumura and Dr. PierrénMeLoccoz at Oregon
Health and Science University Bbrtland, Oregon, USA and details can be found in reference
[16]. Results relevant to the analysare presented in this issertation with due

acknowledgement.

2.3 Results and Discussion

2.3.1 The Q32-bearing loop in apeHasA,is in the closed conformation.

2.3.1.1Apo-HasAyp: Tetragonal crystal form

Crystals for apddasA, were obtained from 70 unique conditions upon setting up for the

screening. Diffraction data were collected for the tetragonal and hexagonal crystal forms as
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discussed in the Experimental section. The tetragonal cigstal (apoHasA,,"®), which has

one molecule in the asymmetric unit, was refined to a resolution of 1.1 A (Table 2.2). Electron
density was observed from S2 to M184, except for T48 and L49, which were not modlpted

HasA, exhibits theU  +foldbcharacteristic of HasAp and Hasfk3, 15|, which is composed

of ®&heékbt wal |l-pamdisttasdin eboanmteict ed by-hledi xpiwad | 4
composed -hefcestamdraggdelix({Figue 2.6A). The structure of the Y75 loop,

extending from Tyr75 to Phe83, is identical to the Y75 loops in HasAp and HasAs, with Tyr75

(Og) hydrogen bonded (24) to His81 ().

2.3.1.2Apo-HasA,: Hexagonal crystal form

The hexagonal crystal form (Hagl®), which exhibits two molecules in the asymmetric
unit and was refined to 1.6 desolutiongFigure 2.6B). Bothmolecules in the asymmetric unit
are nearlydentical (GrRMSD = 0.76 A), exhibit well defined electron density for residues S2 to
D180 and contain a PEG molecule between the Q32 and Y75 loops. Superposing thE' HasA
structure with the structures of molecules A and B of Hg§Areveals near dentical
architectures(Figure 2.6C), except for the apparent absence of PEG or other exogenous
molecules between the Q32 and Y75 loops ofldpsA,®. Residues Ser2 to Asp180 from the
three apestructures were used to calculatgeRMSD values using th secondary structure
matching algorithm in the program Superp$36| via the CCP4 interfacf37]. Interestingly,
the loop bearing GIn32, extending from Asn26 to Ser42, adopts a different conformation from

that seen in apblasAp and apdiasAs(Figure 2.6D).
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Figure 26. Crystal structure of (A) apblasA,“ (PDB code: 4JER) with the Q32 loopasn in magenta and th
Y75 loop in green; GIn32, Tyr75 and His81 are shown in sticks. (B-)—Iﬂm\,phex (PDB code: 4JES), molecule .
is shown in light blue and molecule B is shown in cyan. In both the molecules the Y75 loop is in yellow witt
and His81 rendered in sticks and the Q32 loop in magenta with GIn32 in sticks. (C) Superimposed crystal si
of apoHasA,* (coral), apeHasA," molecule A (blue) and apdasA," molecule B (cyan). (D) Superimpost

crystal structure of apblasAp (POB code: 3MOK) and ap!edasﬁ,,p“Et (PDB code: 4JER) where, the H32 loop

shown in coral in apsiasAp and the Q32 loop in afitasA,* in magenta. Figure adapted from referefids.

2.3.2 The structures of apoand holoHasA,, are nearly identical.

The crystal structure of holdasA, was solved to a resolution of 2.2 A. Ten molecules

were present in the asymmetric unit cell with a waelfined electron density traced from Ser2 to
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Asp180 for each of the molecules; superposing all ten chains resultsg#RMSED of 0.50 A.
Figure 2.7A illustratesthe surprising observation that unlike HasAp or HasAs, the @89 in
HasA, does not change conformation upon binding hemigR®SD = 0.56 A). As in the
previously characterized hemophores, the hemin iron in jasAoordinated by Ty, which

also forms a hydrogen bond (2.7 A) with thgdf His81 (His83 in HasAs and HasAp). Despite
the similar coordinating environment of the proximal binding site, the environment of the distal
site in HasAy is distinct (Figure 2.7B) in that the 8 coordination site is not occupied by a

proteinprovided ligand.

Figure 2.7. (A) Crystal structure of holbélasA, (PDB code: 4JET). Q32 loop is shown in green, the Y75 loo
coral and the chloride ion in iddue color. The hemin iron is coordinated by only one protein provided lic
Tyr75, and (B) superimposition of aptasA, (magenta) with holdHasA, (greer), shows minimum structure

rearrangement upon hemin bindirig].
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Note that GIn32, which we hypothesized may coordindte hemin iron, is located
approximately 14A away (G) from the heme ironin a position very similar to the one it
occupies in the apform (Figure 2.8). GIn32s clearly not part of the heri®nding pocket.

The mostsignificant change in the Q32 loop upon hemin binding is the relocation of the Arg40
side chain (Figure 2.9). This small reorganization protects the hemin distal face immediately
after it binds to Has#, a situation that contrasts with api@asAp or apeHasAs, where the

hemin distal face is exposed to the aqueous environment prior to closing of the H32 loop.

Figure 28. Zoomedin view comparing the herdginding pockets of holtlasA, (green)and holeHasAp
(orange); a chloride ion (purple spherejtie distal pocket of HasAis in the position occupied by the side chain

H32 in holeHasAp and holéHasAs. Structures were superimposed using the program Supgflose
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Electron density immediately above the hemin iron was best modeled as a chloride ion

(Figure 2.9). The modeled Cis not within binding distance of Fe (lIl) (F&l = 2.8 A).

77 M78 M131

Figure 29. View of the hemeébinding pocket in the superimposed structures oHapeA,pte‘ and holeHasA,
illustrate the minor structural differences between-gpuagenta) and holdgreen) Has4,. The distal site in the
holo protein is coordinated by a chloritn; the K 1 F, omit map contoured ati3is shown in orange mes

representation. Figure adapted from referdtép

Kinetic measurements (resonance Raman and) ER&®v that in solution the heme iron

(1) in holo-HasA, adopts a &oordinate higkspinstate[16] (Figure 2.10). Although attempts
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to detect Fe (IIBCI and Fe (III}OH stretching frequencies were unsuccessful we presume that
the sixth ligand might be a solvent molecule and/or a loosely bound chloride ion. Because HasA
sequence with GIn32 contain Arg40 but those with His32 do (figure 29), we hypothesize

that Arg40 may stabilize the chloride ion observed in the-hialsA, structure.

6.28 A B
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Magnetic Field / Gauss Raman shift / cm”

Figure 2.10. (A) X-band EPR spectrum of heldasA, at 300uM, g values of rhombic higispin ferric heme
signals are given (B) RR spectrum of hélasA,, at 300puM, prominent porphyrin skeletal modes supporting the
coordinate higkspinstateand the two vinyl stretching mode are label®gectroscopic measurementsgvdone by
our collaborators Dr. Hirotoshi Matsumura and Dr. PierrédhheLoccoz at Oregon Health and Science Univer:

(OHSU), Portland, Oregon, USJAf].

A closer look at the amino acid sequence alignment of the known hemophores suggests
that the Q32 loop of HasAis 3-residues shorter than the H32 loop of HasAp and HéS4ere
2.2). Thisabsence of three residuestive HasA, sequence may decrease the conformational

flexibility of the Q32 loop compared to the H32 loop in the HasAp. Structurally the three extra

60



residues (Ser41Asnd42Thr 43) i n -tekmisul pfb2 atrarel) pr e s e

region(Figure 2.11).

Figure 2.11. Superimposed crystal structures of: (A) dapasAp (PDB code: 3MOK) and af}dnasA,p‘et(PDB code:
4JER). (B) holeHasAp (PDB code: 3ELL) and holdasA, (PDB code: 4JET). The Q32 loop of Hq,gﬂ is
shown in magenta, and the H32ofo of HasAp in coral, with the three extra residues (Ser41Asn42T}

highlighted in blue. Figure adapted from referefi.

In contrast to the large differences observed in the H32 loop, the structure of the Y75
loop is conserved amongst the three hemophores. As pointed out prej@usig comparing
the proximal loop residues in the structuréslasAp, HasAy, and HasAs, it is clear that the Y75
loop forms a conserved hydrophobic surface for hemin to interact with the hemdpigure

2.12). Accordingly, upon hemin binding to Hagfcauses minimal changes to the Y75 loop; and
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the only largestitange observed is a rearrangement of the Phe83 side chain to accommodate the

incominghemin(Figure 2.9).

Figure 2.12. Top view of the hemibinding pocket. Residues that form a hydrophobic (sticky) platform
macrocycle capture onto the Y75 loop aredidues that interact with hemin propionates are highlighted in sj
rendering. (A) holeHasAs (PDB code: 1B2Y) (B) holdasAp (PDB code: 3ELL) and heldasA,, (PDB code:

4JET). Figure adapted from refererdé).

2.3.3 HasAy, loads hemin from solution faster than HasAp

Kinetic measurements (Stopp#dw spectroscopy), done by our collaborators Dr.
Hirotoshi Matsumuraand Dr. Pierre MénnelLoccoz at Oregon Health and Science University
(OHSU), Portland, Oregon, USAeveal that hemin capture by ap@sA, is complete within
the millisecond dead time of the apparatus and is thus much faster thanhiasfgo(Figure
2.13. These observations support the idea thatHgmA, adopts a closed configuration in
solution and that minimal reorganization occurs upon binding héfgure 2.14 AD). This
distinctive behavior of Hasp is likely to also affect hemin transfer thet receptor protein,

which in S. marcescenis thought to modulate hemin binding affinity to HasAs via interaction

with the H32 lood38].
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Figure 2.13. Stoppedflow absorption spectra obtained upon reactingvb hemin with 30mV apo-HasA,, at 4 °C
(red trace, 1 ms; grey traces, 2 to 19 ms; back trace, 20 ms). The capture of hemin and formatictlasAplis
completed within the millisecond mixing time of the instrumer@pectroscopic measurements are done by

collaborators Dr. Hirotoshi Matsumuia@nd Dr. Pierre MénneLoccoz at Oregon Health and Science Univers

Portland, Oregon, USPLE)].

Figure 2.14. Comparison of (A) and (B) H32 loop reorganization in HasAp upon heme binding to that of ((
(D) Q32 loop of Hasf,. Heme is shown in sticks representation. PDB codes: (AHasé\p, 3MOK, (B) hole

HasAp, 3ELL, (C) apdlasA,, 4JER, and (D) holélasA,, 4JET.
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2.3.4 Spontaneous cleaving of the-@rminus in FL-12

Mass spectral analysis of apt-12 stored at20 °C for several months showed that-FL
12 had been cleaved predominantly at Ser183, producing a protein that corresponderigtfull
minus 21 residues (FR1). Additional investigation showed that apb-12 is nearly
guantitatively converted to agél-21 upon incubation at 4C for a week. In comparison, helo
FL-12 is stable to @erminal cleavage even if the protein is incubated &t 4or two weeks.
These observations, which indicate that the-kBbd2 protein has a propensity to undergo
relatively sbw additional cleavage of its C terminal domain to produceRpal, prompted us
to carry out mass spectrometric analysis of protein in the single crystals obtained from the wells
that produced the samples used foray diffraction. Consistent with thebservations in
solution, it was found that ageL-12 obtained from the single crystals was cleaved at Ser185
(FL-21), whereas hol&L-12 obtained from the corresponding single crystals remained as the
FL-12 protein. Germinal cleavage of hemophores @ronon[39, 40] and may have functional
significance. These observations are in agreement with reports indicating that HasAp secreted to
the extracellular environment undergo proteolytic cleavage of théarr@inal residueg2?].
The most abundant form of HasAp secretedPbgeruginosas the truncated protein missing-15
21 Gterminal residue$22]. In contrast, the most abundant form of HasApetecby quorum

sensingmpaired mutants d?. aeruginosas full-length HasA{g22].

2.4 Conclusion

In this chapter, we characterized a novel hemophore ¥fersinia pestiswhich show

completely different structural features in the distal (Q32) loop compared to the HasAp and
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HasAs. The Q32 loop does not show a large conformational rearrangemstetd iis already

in a closed conformation and minimum structural chagesr upon hemin binding.
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Chapter 3

Replacing Arginine 33 for Alanine in the Hemophore HasA from

Pseudomonas aeruginosaauses Closure of the H32 Loop in the Ap@rotein

Wt apo-HasAp R33A apo-HasAp
- \ \ \
H32 Loop Ny ol
; Eus [
53 \R =

b
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Summary

Under iron limiting conditions several Gramegative bacteria secrete a hemophore that binds
heme in the vertebrate host and shuttles it to specific outer membrane receptor. Structural and
biochemical characterization of hemophores fiarratia marcescenfHasAs),Pseudomonas
aeruginosa(HasAp) andYersinia pestigHasA,) are available in hemgound (holo) and heme

free (apo) forms. Heme is bound between two extended loops, the Y75 loop harboring the Tyr75
ligand and the H32 looparboring the His32 ligand. Heme first loads onto the Y75 loop where

it is coordinated by Tyr75 which triggers a large conformational rearrangement in the H32 loop
relocating His32 side chain ~ 30A, from an open to close form thus, coordinating thérbeme

ion by His32. Xray crystal structure and solution NMR studies have established that the H32
loop in wt and mutant apdHasAp is quite stable and folded back over the body of the protein.
Given the overall protein fold similarity in HasAp, HasAs andshH, we analyzed the
stabilizing interactions in the H32 loop in wt ap@sAp. To understand the open H32 loop
structure in apddasAp, we replaced arginine at position 33 with an alanine (R33A) in
Pseudomonas aeruginasaResults obtained from solutiddMR studies suggest a completely
different organization of the H32 loop in R33A aptein. Further, Xay crystal structures of

R33A apeHasAp reveal that replacement of arginine 33 for alanine shifts the H32 loop from an
open to a closed conformatiomnslar to that seen in wt holblasAp. Additional evidence from
molecular dynamics simulation studies also suggest the closed loop conformation of the H32

loop in the R33A apgrotein.
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3.1 Introduction

Iron and ironbinding proteins are essential compats required for physiologically
important functions like biosynthesis of DNA, gene regulation, electron transport chains of
respiratory enzymes, and degradation of xenobif1icg]. In biological fluids the concentration
of freesiron is kept at vanishingly low levels (~ M) by sequestration of the micronutrient in
iron-binding proteins such as transferrin and lactofei8jn The low ©ncentration of free iron
in vertebrate hosts poses a challenge for pathogenic bacteria. Therefore, bacteria have developed

sophisticated mechanisms to scavenge iron from its[#jst

One such mechanism employed by some Gnagative pathogens is the secretion of
small (~ 19 kDajhemophores known d@seme acquisition system A (HasA) proteins into the
vertebrate host upon infection. Secreted hemophore proteins capture heme from damaged or
lysed heme containing proteins and deliver it to a specific outer membrane receptor (HasR) on
the bacterig4]. Extensive structural and biochemical studies of hemophore proteins frora Gram
negatives such &erratia marcescen@asAs)[5, 6], Pseudomonas aeruginogdasAp)[4, 7]
andYersinia pestigHasAy) [8] have been reported. Ther&y crystal structures of heat®und
(holo) hemophores frors. marcescen@HasAs)[5] and P. aeuginosa(HasAp)[7] revealed a
uni que fol d, with one sideeladoafcal hevablb ot aind [z
ant i pasheetsbleThetwosi des of the secondmealyi xstamudct W
strands) are connected by two long loops. The loop which harbors the proximal ligand (Tyr75)
is called the Y75 loop and the other, which harbors the distal ligand (His32), is called the H32
loop. The heme macrocycle is bound between the two loops and theifoenie coordinated by
the axial ligands, His32 and Tyr{5, 7]. Structural characterization of the hefmree (apo)

hemophore in solution using NMR (HasA6]) and Xray crystallography (HasApt]), showed
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similar secondary structural features as that of the-tmlmterpart, excegdor the H32 loop. In
theapepr ot ei n, the H32 loop is in an Aopeno conf
the protein(Figure 3.1A). Upon heme loading, the H32 loop undergoes a large conformational
rearrangement which relocates the His32ligh ~ 30 j, from the fAopeno
enabling coordination of the herren by His32 from the distal sitp4, 9] (Figure 3.1B).

Amino acid sequence analygiBigure 3.2) indicatethat Tyr75 is conserved among the HasA
sequences but that there is no conservation of H&33; instead inYersiniaspecies, GIn32 is

present at the equivalent position. Structural studies onaabholeHasA, [8] indicate that

Tyr75 coordinates the her®n from the proximal site similar to HasAp and HasAs but there is

no conformational rearrangement of the Q32 loop upon heme loading. Instead, theaQB3

loop is already in closed conformation and undesgminimum structural changes upon heme

binding[8].

Hemophores (HasAp, Hagfand HasAs) belong to three different speaésGram
negative bacteria, yet they all show similar protein fold and function in heme uptake and delivery
to the outer membrane receptor in bacteria. Although they have similar function, it is interesting
that the heme coordination is different in Hasfgnd HasAs), in which there is large
rearrangement of the H32 loop upon heme loading, from jjasdere only one ligand (Tyr75)
coordinates the herigon ion and no rearrangements occurs in the Q32 [140f, 8]. Soluton
NMR and Xray crystallography provide evidence that the H32 loop in the wiHasA\p is
conformationally stable and do not show flexibility in solutjdn6, 8]. The stability of the long
H32 loopinteapepr ot ei n can be wiiskueadl inzeetdwoarsk ao ff zinpt pes
the loop in the operconformation (Figure 8-A). Combining the available structural

information from hemophores (HasAp and HasAs), we asked what interactions stabikig2the
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loop. To address this question, detailed comparative analysis of interactions along the H32 loop
in the wt apeHasAp was carried out, which showed that arginine at position 33 (Arg33) is
anchored to the body of the protein by a network of salt braslgeHbond interactions with
Glull3 and Asp22. Consequently we replaced Arg33 for Alanine (R33A) in HasAp. Results
from solution NMR spectroscopy andr&y crystal structures of R33A aptasAp indicate that

the single residue replacement shifts the M8 in the apeprotein to a conformation very
similar that seen in the H32 loop of wt hd#tasAp. Additional complementary insight into the

H32 loop transition from open to closed form is stems from molecular dynamics simulations

studies, which map thelocation of the H32 loop.

Figur €r$stlal str ddatsuArpe (oPfDB( A)o daep. o -BMOKDP @PRPBEB (B9 d«
showing the Y75 |l oop (green) and H32 |l oop (magen

| oop which triggers therdioauiregotfheé (E2WH&82i t oonphb
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3.2  Experimental Procedures

3.2.1 Cloning and Sitedirected mutagenesis

Truncated form of HasAp missing the last 24e@ninal residues was used to construct
the R33A mutanf7]. The primers were synthesized by Integrated DNA Technologies, Inc. and
were used with the QuickChange giieected mutagenesis kit (Stratagene; La Jolla, CA).
Primers used for the R33A mutation were -5
TATTTTGGCGATGTGAACCATGCGCCGGECCAGGTGGTGGATGGES' and 5-
GCCATCCACCACCTGGCCCGGGCATGGTTCACATCGCCAAAATA-3", where the
underlined codons represent target substitutions. The recombinant gene harboring the mutation
was transformed into XL-:Blue Competent cells (Stratagene) for ampliimat and the DNA
sequence was verified by ACGTInc (Wheeling, llinois). The recombinant DNA plasmid with
the mutation was transformed ino coli BL21-GOLD (DE3) competent cells for subsequent

protein expression.

3.2.2 Protein Expression and Purificatio

Previously reported protocold] were used to express, purify and reconstitute with heme
the R33A HasAp protein. Briefly, overnight culture of a single colony of freshly transformed
cells in 50 mL of LuriaBertani (LB) medium (100 pg/mL ampicillin) was used to inoculate 1 L
of fresh M9 minimal mediunmill]. The resultant ctire was incubated at 37 °C with continuous
shaking at 235 rpm to an Qg of 0.87 0.9. Subsequently, temperature was lowered to 30 °C
and protein expression was induced by the addition of isopfDAthiogalactopyranoside
(IPTG) to a final concentration of 1 mM. The cells were cultured for 5 h and were harvested by

centrifugationat 4800 rpm and stored &0 °C. The harvested cell pellets were resuspended in
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20 mM Tris.HCI (pH 7.6), 3 mL/g cellgste, and disrupted by sonication in the presence of
DNase (Sigma&ldrich, St. Louis, MO), and the cell debris were separated by centrifugation at

19, 500 rpm at 4 °C for 40 min.

3.2.3 Purification of Apo-protein

The clarified supernatant from cell lysigas loaded onto a -@epharose Fast Flow
column (2.6 cm i.d. x 15 cm, GE Healthcare)-poiilibrated with 20 mM TrigdCl (pH 7.6) at
4 °C. The column was then washed with 2 column volumes of the same buffer and the protein
eluted with the same buffer ugim linear NaCl gradient {600 mM). Fractions containing the
HasAp protein, as determined by SPBGE, were pooled and dialyzed against 50 mM sodium
phosphate buffer (pH 7.0) containing 0.7 M ammonium sulfate before loading onto a Phenyl
Sepharose 6 FaBlow (GE Healthcare) column (2.6 cm i.d. x 12 cm)-pqeiilibrated with the
same buffer at 25 °C. The protein was eluted in stepwise manner: (a) 50 mM sodium
phosphate/0.5 M ammonium sulfate (pH 7.0) was used to elute weakly bound proteins, including
holo-HasAp and (b) a linear gradient of sodium phosphate D mM) (pH 7.0)/ammonium
sulfate (5000 mM) was used to elute ajptasAp. Fractions containing apoprotein were pooled
and concentrated to a volume of ~ 1 mL using 10 kDa molecular weigluffc(MWCO)
Amicon ultracentrifuge filters (Millipore, MA) before loading onto a Sephadess®2.6 cm i.d.
X 90 cm, GE Healthcare) size exclusion column-guailibrated and eluted with sodium

phosphate (u=0.1, pH 7.8) buffer.

3.2.4 Preparation of R33A holeHasAp

To prepare R33A holblasAp, solutionofappr ot ei n in sodium phosj

0.1, pH 7.8) was titrated with a 1 mM hemin solution in dimethyl sulfoxide under constant
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stirring. The resultant henreconstituted solution was incubated overnidht &C, concentrated
to ~ 1 mL using a 10 kDa molecular weight-offt Amicon ultracentrifuge filter devices, and
passed through a-@ Sephadex (GE Healthcare) column (2.6 cm i.d. x 90 cm; GE Healthcare)

pre-equilibrated and eluted with sodium phosphate(= 0. 1, pH 7. 8) buffer.

3.2.5 Cirystallization and Data Collection

Purified ape and holeproteins were used for crystal screening using the sitting drop
vapor diffusion method in Compact Jr. Crystallization plates (Emerald Biosciences, WA). Equal
volumes( 0. 5 ¢€L) of each, protein and crystalliz

against 100 €L of the reservoir vol ume.

3.2.5.1R33A apeHasAp

R33A apoHasAp was concentrated to 50 mg/ml in 100 mM sodium phosphate buffer
(pH 7.8), and the solution us#al screen for crystal growth at 18 °C. Prishaped (Figure 3:3
A) crystals of apo R33AdasAp were obtained in about 43 days from the Crystal Screen
(Hampton Research) condition # G10 (0.05 M Cd{g@ydrate, 0.1 M HEPES pH 7.5, 1.0 M
sodium acetate tmydrate) gppendix II). Crystals were cryprotected and transferrdd a
solution containing 80% crystallization solution and 20% glycerol before freezing in liquid

nitrogen for data collection.

3.2.5.2R33A holeHasAp

Plateshaped (Figure 3-B) protein crystals of R33A holblasAp (20 mg/ml in 200 mM
sodium phosphate pH 7.8) were obtained within 72 h from Emerald Biosciences Wizard Ill & IV

condition # 32 (2100 mM DL malic acid, pH 73ppendixIV). The crystals were then cryo
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protected by transfring to a solution containing 80% crystallization solution and 20% glycerol

before freezing in liquid nitrogen for data collection.

Initial collection of diffraction data and model building were donéaise using a
Rigaku RUH3R rotating anode gendoa equipped with Osmic Blue focusing mirror and an R
axis IV** image plate detector. Higlesolution diffraction data were acquired at 100K at the
Advanced Photon Source (APS) IMEB2AT beamline 171D using a Dectris Pilatus 6M pixel

array detector.

Figure( M. 3Pri sm shaped -HayApabbt aif n eRd3 3fAr canp oHa mp
condition G10Q)hydrOoabt eM 0d.(1SOM HEPES pH 7.5, 1.0 N
to the crystals in the well, -HagAfg Bgbtpdianed sfhrap

wizard 111 and IV condition 32 (2100 mM DL malic
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3.2.6 Structure Solution and Refinement

Diffraction intensities were integrated and scaled using the KI2b and Scalg13]
packages, respectively and the Laue class was checked using PpidijlesStructure solutions
for apo and holeproteins were obtained by molecular replacement with PHaSgwia the
Phenix[16] interface, using the coordinates from the structure of wt HasAp (PDB code: 3ELL).
Structure refinement and manual model building for-gmal holeproteins were performed with
Phenix[16] and Coot[17] respectively. Structure validation was carried out using Molprobity
[18] and figures were prepared using CCP4iig and PyMol[20]. X-ray data collection and

refinement statistics are summarized able 32.

3.2.61 Structural Refinement: R33A ajptasAp

Initial structure solution and refinement were done usingpomse diffraction data
collected with CeKy radiation. Crystals were indexed in Primitive Tetragonal Bravais lattice
with Laue class of Mdmmand spacergupsP4,2,2 or P432,2. All space groups with 422 point
symmetry were searched during the molecular replacement. Top solution was obtained in
P4:2,2. The Matthew$ cell content analysis modul2l, 22] via CCP4[19] package calculated
two molecules in the asymmetric unit. This information was used while performing molecular
replacement via Phen{d6] package, which calculated one molecule in the asymmetric unit as
the correct solution with ~ 70% solvent content. During the refinement, large anomalous
difference electron density peaks {FF) gr eat er dbdewad that Were agsegmed as
cadmium ions from the crystallization solution. Consequently, data for the structure refinement
were collected at two different wavelengths at the APS synchrotron facility. The one collected at
ahi gher wav e B%AFn30.1 ¢Wyiekded Btroiflg anomalous electron density and

anot her coll ected at | ower wavelength (@&
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anomalous signal for cadmium ions. Using the two diffraction data set, anomalous Fourier
difference eletron density maps were calculated using CCHt and three cadmium ions were
assigned during the structurefinement(Figure 3.4) Table 3.1 listshe peak height of each of

the thre cadmium ions from the anomalous Fourier difference electron density maps.

Table 3.1. Anomalouspeak heights for three cadmium ions in R33A-HasAp.

Anomalous peak height

Wavelength Cadmiumion # 1 Cadmium ion # 2 Cadmium ion # 3
1.0000 A 27.79 26.13 10.50
1.7396 A 47.74 43.36 17.76

— &@ =
A 0L A L gt A
4 - _—
’/\ ot =
) -
<= v & i
e y f/ H32 loop
® /-
"=
&

Figure 3.4. Crystal structure of R33A apdasAp showing the position of cadmium ions (green sphe
Anomal ous di fference Fourier electron density ma

1.7396 A). H32 loop is shown in cyan color.
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3.2.6.2Structural Refinement: R33A helttasAp

Crystals for R33A holdHasAp protein were indexed in a Bravais lattice of Primitive
Orthorhombic with a probable Laue class mimmand space groups @¢¥2;2:2; or P2;2;2.
Molecular replacement searches, using Phenix, were conducted in all space groups with 222
point symmetry and the top solution was obtainedP#12;2; with one molecule in the
asymmetric unit. Refinement and subsequent refinement was conducted satinogne atomic
displacement parameter for all atoms. Three sodium ions were modeled to the final structure.

Table3.2summarizes the crystallographic details for the structures.

3.2.7 NMR Spectroscopy

| would like to thank and acknowledge Dr. Huila¥, Research Associate, Rivera Lab,
University of Kansas, Lawrence, KS, USA for conducting the NMR experiments for this work.

Results relevant to the analysis are presented in this dissertation with due acknowledgement.

Uniformly labeled U™N-R33A HasApwere prepared with minor modification of the
above described protocol: Overnight culture was resuspended in M9 wmigdid.0 g of
®NH4CI. IPTG (final concentration of 1 mM) was added when the culture reached @p-OD

0.9, cells were harvested and the protein was purified as described above.

3.2.8 Molecular Dynamics Simulations

| would like to thank and acknowledge Dr. Wonpil Im and Dr. Qi, Yifei, Center for
Bioinformatics and Department of Molecular Biosciendésiversity of Kansas, Lawrence, KS,
USA, for performing the molecular dynamics simulations for this work. Results relevant to the

analysis are presented in this dissertation with due acknowledgement.
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The simulation systemsesebuilt using theQuick MD Simulatormodule in CHARMM
GUI [23]. The protein was solvated in a 81 A x 81 A x 81 A TIP3 water box and buffered with
0.15 M NaCl. For both wild type and R33A apmtein, three independent simulation runs,
each with a different initial velocity, were generated using NA[2B|. The simulations were
performed with a time step of 2 fs MPT ensemble with the temperature maintained at 300 K
using Langevin dynamics, and pressure maintained at 1.01325 bar with theldtas piston
method[25, 26]. The van der Waals interactions were switched off alaA® [27], and the

electrostatic interactions were calculated using the partieleh Ewald metho®8].

Table 3.2 X-raydiffraction and refinement statistics for R33A HasAp

R33A apoHasAp R33A holo-HasAp

Data Collection

Unit-cell parameters a=92.78,c=95.71 a=34.17 b= 47.17,
(A, °) c=101.37

Space group P4,2,2 P2,212;

Resolution (A} 66.621.94 (2.051.94) 47.161.05 (1.071.05)
Wavelength (A) 1.0000 1.0000

Temperature (K) 100 100

Observed reflections 406,207 485,013
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Unique reflections
<I/s(1)>*
Completeness (%)
Multiplicity *
Rmerge(%)l’ ?
Rmeas(%6)"

Rpim (%)1’ 4

CCyo™°
Refinement
Resolution (A)

Reflections

(working/test)

Riactor/ Riee (%)°

No. of atoms

(Protein/Heme/Water

Model Quality
R.m.s deviations
Bond lengths (A)

Bond angles%

31,392
21.1 (2.4)

100 (99.8)
12.9 (13.1)
8.0 (147.6)
8.3 (153.6)
2.3 (42.0)

1.000 (0.928)

33.311.94

31,257 /1,578

19.08 /22.30

2,488+/59

0.021

1.152

86

75,527
15.5 (3.3)
97.8 (94.4)
6.4 (6.2)
5.9 (51.1)
7.0 (61.1)
2.8 (24.1)

0.998(0.861)

34.531.05

75,450/ 3,776

13.42/14.68

2696 / 146 / 204

0.008

1.080



1)

2)

3)

4)

AverageB-factor (A%

All Atoms 52.99 11.33
Protein 52.95 10.65
Heme - 10.16
Cadmium 54.13 -
Water 52.91 20.87
Coordinate error, 0.22 0.06

maximum likelihood

A)

Ramachandran Plot

Most favored (%) 93.75 98.45
Additionally allowed 6.25 1.55
(%)

Values in parenthesis are for the highest resolution shell.

Rmerge= ShiiSi [li(hKI) - <I(hkl)>| / SpS; 1i(hkl), wherel;i(hkl) is the intensity measured for tha reflection
and d4(hkl)> is the average intensity of all reflections with indices hkl.

Reactor = Shii |[Fobs (NKI) | - [Feac (hKD) || /Sha [Fobs (DKI)|; Rfree is calculated in an identical manner using 5%
of randomly selected reflections that were inotuded in the refinement.

Rmeas= redundancyndependent (multiplicitwveighted)Ryerge [13, 29] Ryim= precisionindicating

(multiplicity-weighted)Ryergd 30, 31].
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3.3 Results

3.3.1 Purification of R33A ape and holo-HasAp

A Previously reported protocd4l], which utilizes hydrophobic affinity chromatography
to sepaate the apofrom the holeprotein, was used to purify R33A aptasAp. R33A hole
protein was prepared from the purified gpotein by heme reconstitution in vitro, as described
in the experimental section. Protein homogeneity was checked using SDSviAA¢hEShowed
a single band corresponding to a molecular mass of ~ 19 kDa. The experimental molecular mass
determined by electrospray ionization mass spectrometry is 18,673 Da., which is in good
agreement with the molecular mass calculated from the amidsequence, 18,674 Da, without

the initiator methionine.

3.3.2 UV-vis Spectroscopic Characterization of R33A hdltasAp

Similar to the wt holeHasAp[7], R33A mutants exist as&ordinate high spin/low spin
(6¢c HS/LS) equilibrium mixtures. The Uwis absorption spectrum exhibits a Soret peak at 407
n m 404 =144.2 mM' cm™®) with the visible bands at 495, 540, 577, and 616 nm. The Soret and
616 nm bands are indicative of highin heme iron whereas the bands at 577 and 540 nm are

indicative of the lowspinspecies (Figure B).
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3.3.3 NMR Spectroscopi€haracterization of the R33A Apand Holo-HasAp in Solution

Previoussolution NMR studiesdoneusing mutant apélasAp do not show changes in
the HSQC spectrum compared to HBQC spectrum of thet providing strong evidence fdine
stability of theH32 loop in the ap@rotein[4, 7]. In order to investigate the topological location
of the H32 loop in the R33A mutant protein, we conducted solution NMR experiments.sTo thi
end, we prepared uniformly labeled®N-R33A apoe and holeHasAp proteins according to the

method described in the Experimental sectiiigure 36 presentshe superimposetfN-HSQC
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spectrum of R33A apand holeproteins with the corresponding wtoteins. To our surprise,

we observed that the superimposed HSQC spectrum of the R33pr@po shows several

cross peaks that do not match with the cross peaks in the vpregemn (Figure &-A). This
observation suggested that the H32 loop majonger be organized as observed in the wt apo
protein. HSQC spectra taken at different temperatures (15 °C and 25 °C) also do not strongly
affect or shift the cross peaks in the mutant-pymdein, suggesting that the observable
resonances originate fromwell-structured portions of the protein. Furthermore, when we
reconstitute the R33A apgarotein with hemin, the HSQC spectrum of the resultant-podtein
becomes superposable with that of holo wt HasAp, suggesting that upon heme binding the loop
gets oganized as observed in the wt hlmtein (Figure H-B). These results strongly
suggested that a portion of the @R83A mutant is distinct from its wt apo counterpart. We
surmised that the most likely difference is in the H32 loop, and therefore videdeo
investigate the mutant proteins usingay crystallography. The results from these experiments

are discussed in the next section.
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3.3.4 Structural Characterization of R33A Ap#lasAp

3.3.4.1Different Conformation of the H32 Loop the Crystal Structure of R33A AptasAp

The X-ray crystal structure dR33A apeHasAp having one molecule in the asymmetric
unit was refined to a resolution of 1.94 A (Table 3.2). Electiemsity was traced from Ser2 to

Alal84, except for five residug$sly35 to Asp39) located in the His32 loop, for which no
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electron density was observed. Overall, the polypeptide fold of R33AlapAp is very similar

to the wt (apo or holo) protein except for the H8@p (Figure 37-A). The mutant ap@rotein

hasb Uatrrangement si mi-loar htod o) hddtasd\fp, t lwéd-i wth ( &
helical wall o osheat waldlepdoidhe prixenaldyvidhl@op is

similar to the wt apdiasAp in conformation, with identical Tyr75 and His83 conformation. The

most surprising structural feature of the R33A -&fasAp structure is the H32 loop, which

adopts a significaht different conformation compared to wt aplasAp (Figure J-B). In fact,

the conformation of the H32 |l oop iIis very si mi
crystal structure of wt holblasAp (Figure F-C). Due to missing electron densitpin Gly35

to Asp39 (marked by an asterisks, Figuré-R), the His32 loop is notompletely defined but

the segments of the loop with clear electron density show similar conformation adopted near the
Cterminus end of t he -tehhiutse leinxd (&| y2h&) ,b 2a nsdt rtah
wt holo-HasAp. Structural superimposition of R33A dpasAp with wt holeHasAp reveals

near identical conformation of the observable portion of the H32 loop IR3BA mutant, near

the loop hinges located at Gly28 éend ofUL) and at Gly45 (beginning &) (Figure 37-C).

Similar observations of closed conformation of the H32 loop iRR®®A HasAp is seen when

the structure is superimposed with agmd holeHasA,, in which the Q32 loop is already in the

closedconformation 8] (Figure 37-D).
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In wt apeHasAp, the H32 loop is held in an opewosition by various backbone and side
chain hydrogen bonding interactions, which <ca
loop (Table 3 and Figure B). The Xray crystal structure as well as solution NMR stugies
7] suggest that the H32 loop in wt HasAp is stable @gmesnot show dynamic behavior. 1t is

therefore interesting that despite the zipliex set of interactions stabilizing the loop against the

93



body of the protein, replacement of a single residue, Arg33 allows the loop to detach from the
body of the protein and adopt the closed loop conformation. This is due to important salt bridge
interactions between the Ar g 3r8mby strantd,, hydiddgeR ) and
bond interaction between Ar g 3mBhelik NMaepverNte) and
aliphatic portion of the Arg33 side chain interacts hydrophobically with the side chain of Tyr26
(Figure 38-A). In the wt apeprotein, Glul13and Asp96 have their charges stabilized by salt

bridge and FHbond interactions with the Arg33 and GIn36 safeins. In the mutant apo

protein, these stabilizing interactions are lost. In the absence of Arg33, the H32 loop moves
towards its closed confimation and the negative charge of Asp96 and GIn113 are stabilized by

coordinating to a cation, in this case Cd ion (from the crystallization solution) (FiguB9.3.
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Table 3.3. List of interaction in the H32 loop with the body of the protein

H32 1 oop

Di stance

l nteractirr

Asp29 (|
Hi s 3@) (I
Arg33 (N

Arg33 (N

Val 37( 0O
Asp39 (|
Gl y40 (

Asnd4@) (1"

Thr 43 (

Gl y45 (

Tyr 26 (-
Asp2) ((
Gl ul®3(CcC
Asp2) ((
Aspb6d) ((
Aspb6d) ((
Aspb6d) ((
Gl y100 (
Lys59 (

Al a57
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3.3.4.2Similar Conformation of the H32 Loop in the Crystal Structure of R33A-HakAp

The crystal structure of R33A heldasAp having one molecule in the asymmetric unit
was refined using diffraction data to 1.05d5olution. The overall mutant hepsotein structure
is nearly identical to that of wt hojorotein, with an GRMSD[32] of 0.22 A. The heme irois
coordinated proximally by the Tyr75 and distally by His32 residues (Figr8)3. The Y75
loop in the mutant protein adopts similar conformation as of wt-patein. In the H32 loop,
residues Val38 to S41 adopt different conformation comparecetath It is important to note
that in the Xray crystal structure of R33A agwotein these residues were disorganized and

therefore not modeled due to absence of electron density. However, despite the minor
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conformational changes in the H32 loop, Hig8®dazole sidec hai n ( NUO at om) st

the hemadron ion and occupies nearly same conformation as in the wagnotein.

An important difference between the wt and the mutant-&wlecture is the orientation
of the heme molecule. In the wt bgdrotein and in other mutants whosteucturs have been
elucidated (Y75A, H83A), heme binds to the hemophore in only one orientdtién33]. This
is the first example of a mutaktasAp which Inds heme in two orientations, which differ by a
180A rotati-nnmado ub x O8)e THOiRFUetearonIlensity omit map

contoured at 30 cutoff shows the %BWo orientat

FiguBe( A. Superi mposed -BasAgptuftesr olf) wtPDB | otlds
(magent a);)F.eheéc¢(BpnFdensity 3asnhawinmmagp tcwon tooruireendt aat

(crimson red and green).
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34 Discussion

3.4.1 Wt holo-HasAp and R33A holéHasAp have similar UWis Spectra

R33A HasAp was expressed and purified to homogeneity. The R33AHaslap
protein was prepared from the purified dpom by an in vitro reconstitution with hemin. The
purity and the molecutaweight of the proteins were assessed with the help of SDS
polyacrylamide gel electrophoresis and ESI/MS. Similar to the wt-Ha&Ap, U\vis
spectroscopy suggests R33A hélasAp exists in solution as a mixture of LS and HS species,

suggesting no chaegn the structure of the mutant holo protein or coordination of the heme.

3.4.2 New Set of Cross Peaks Observed in the HS@Q@ectrum of R33A ApeHasAp

compared to Wt ApdlasAp

The most interesting feature of the R33A gguotein is the conformation of the H32
loop. It is surprising that a single residue (Arg33) replacement can bring severe changes to the
H32 loop in the apeprotein structure. This is also manifested in the nesgt of cross peaks
observedn the HSQC spectrum of R33A aptasAp relative to the HSQC spectrum of the wt
apoprotein (see Figure &A). In the wt apeHasAp, the H32 loop is held open by various
interactions along the loop that have been compareditaa pper (3amdigufead).| e 3.
The stability of the H32 loop is evident from the solution NMR studies, where the HSQC of wt
apoHasAp as well as the mutant apl@asAp, all show no evidence of conformational disorder in
solution, even in HSQC speattaken at different temperaturgy. Further, electron density
defining the His32 loop in the crystal structure of wt-&asAp is well defined and does not
show indications of conformational disorder. Once the hemirateld onto the Y75 loop of wt

HasAp the proximal side is rapidly coordinated by the Tyr75 residue and an intramolecular
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cascade of rearrangements occurs within the protein molecule which eventually breaks the
various interactions in the H32 loop and enaltlee closure of the H32 loop, facilitating binding

of His32 to the distal site of the herrinon.

3.4.3 Crystal Structure Shows the H32 Loop in the Mutant Apootein is in its Closed

Conformation

Crystal structure of R33A apand holeHasAp revea an overall similar arrangement of
secondary st r uhcetluircaestrasdspaniehpolypeptidedcompared to the wt
protein. The data alsshows that replacing arginine at position 33 for alanine results in a
structure where the H32 loop dfosed, or at least in a conformation that is very similar to the
conformation observed in the wt halasAp (see Figure B:.C). Traceable electron density for
the H32 loop in the crystal structure of R33A gpotein clearly reveals the position of thade
regions and inner portions of the loop (except for Gly35 to Asp39), which are superimposable to

equivalent sections in the His32 loop of wt hélasAp (see Figure 3B and C).

3.4.4 Molecular Dynamics Simulation Results Show Closed Conformation ddZHLoop in

Mutant Apo-Protein

Molecular dynamics (MD) simulation experiments were performed to provide additional
insight into the dynamic motion of the H32 loop. Figurg03hows the results from ttiree
independenMD (R33A1, R33A2 and R33A3¥xperimentswhich corroborat¢he propensity of
the H32 loop inR33A apaHasAp toadopt the closed conformatiorAnalyzing the root mean
square deviation (RMSD) as a function of time during the $itBulationof apo R33A and apo
wt apeHasAp provides tw important observations: (a) similar to solution NMR and crystal

structure studies, the His32 loop in the wt-g@potein remains stable throughout the length of the
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simulation, whereas (b) the loop in the apo R33A mutant dtabisgin its transition adifferent
time points,depending on the system. However, all systems converge on a closed loop at the

end of the simulations (Figurel®-A).

Superimposing the crystal structsied wt (green) and R33A (magenta) aptein with
R33A1 (cyan) Figure 310-B) reveals very similar organization of the H32 ldopghe mutant
apoprotein and R33A1.Similarly, superimposition witlerystal structure of the wt holorotein
(orange inFigure 310-C) also identifies similarity in the organization of the H32 l0dR33AL1
Comparing the crystal structure of R33A apasAp with the simulation structures (R33A1,
R33A2 and R33A3) provides a snapshot of the H32 loop conformdiguré 310 D-F). In the
crystal structure of R33A apidasAp, no electron density could imodeled for residues Gly35
Asp39 in the H32 loop, but from tHR33A1simulation structure those residues can be estimated
and compared with the wt heldasAp (Figure 3.0-C). Assuming that the conformation of the
H32 loopis similar to the R33A1(Figure 3.10-C), we could speculate that tlebosed loop
conformation would affect the heme loadimgthe mutant ap@rotein. MD simulation results
provide additional evidence that replacing Arg33 to alanine triggers a switch for the open H32

loop to closed cdormation.
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3.4.5 Heme Loading Organizes the H32 Loop in R33A Similar to the Wt hblasAp

The X-ray crystal structure of R33A haldasAp is almost identical ((RMSD = 0.22
A) to the wt holeHasAp and even the heme binding site is very similar, except for few residues
in the H32 loop (see FigurePBWA). This is also seen in solution where HSQC NIigjpectra
show complete superimposition of cross peaks from the R33AHwmdép spectrum with the
cross peaks from wt holdasAp (see Figure @B). It is interesting to note that heme loading
onto apo H33A HasAp organizes the H32 loop in a very similafocmation as seen in the wt
holo-protein. A significant difference observed between the wt and R33AHwdAp is the
orientation of the heme. In the Berratia marcescensemophore (HasAs), heme binds to the
protein in two orientations that differlay 18 0 A r ot aimeso axi% whereas int he U
the wtPseudomonas aeruginokamophore the heme is bound in only one orientgtips, 33].
Hence, this is the first observation in a mutant HasAp protein where the heme binds in two
orientations which are fmeispp ed ilsp-B dntBiduréEa lgum ¢
3.10-C). At this point we can onlspeculate that the closed H32 laamformationin the R33A
apoprotein do not sample any particular conformation of the heme and once the heme is loaded
it is quickly coordinated by the His32 sidbain. Additional study may be required to conclude

significance of heme binding in one orientation in the wt and other mutants of HasAp.

3.4.6 Extra Amino Acid Residues in the H32 Loop in HasAp

From the amino acid sequence alignment (Figure 3.2), we obsenk tiaiuginosdas
three additional residues in the H32 lod{BNT*’) compared to Hasf [8] and two residues
compared to HasAE5]. Structural studies in Hagf\[8] suggest that the threesidues less in
the Q32 loop may decrease the conformational flexibility of the Q32[RjopAdditional study

may be requirg to investigate irP. aeruginosahat the three extra residues in the H32 loop
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might play a role in making specific interactions upon heme uptake and the transfer of the heme

to its cognate receptor on the outer membrane of the bacteria.

35 Conclusion

In conclusion, this is the first attempt to understand the stabilizing forces that maintain
the open H32 loop structure in HasA protein frBmaeruginosa In order to gain insightsbout
the structural mechanisms, we have explored theH@®Ap open streture and replaced Arg33
with an Alanine. The results are intriguing as the epicenter of this severe structural change was
held by a single Arg33 residue whose replacement caused the closure of the H32 loop adopting a

conformation which is similar to tHe32 loop in wt holeHasAp.
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Chapter 4

Replacing the Axial Ligand Tyrosine 75 or its Hydrogen Bond Partner
Histidine 83 minimally affects hemin acquisition by the Hemophore HasAp

from Pseudomonas aeruginosa
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